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Abstract 
Interdigitated metal-semiconductor-metal Photodetectors (MSM PD's) are 
extremely attractive for applications in optical communication and optoelectronic 
integrated circuits (OEIC's) due to their high speed, low capacitance, and their 
compatibility with integrated circuit (IC) technology. III-V semiconductor 
compound materials take the advantages of high mobility, direct-band gap transition 
and composition adjustment for energy bandgap and lattice constant. In this 
research, high-sensitivity, high-speed interdigitated MSM PD has been fabricated on 
In0 53Gao47As/InP grown by low-pressure MOCVD using Tertiarybutylarsine. 
Compared with the conventional source using Arsine, Tertiarybutylarsine has the 
advantages of safety and easy handling. DC responsivity of the device is measured 
to be 0.23A/W, which corresponds to nearly 90% internal quantum efficiency. The 
impulse response for 1.3|im optical input yields a full-width at half-maximum 
(FWHM) of 225ps at 6V bias. Satisfactory results on speed and sensitivity are also 
obtained for the detection of 0.85fxm radiation. High performance and simple semi-
insulated (S.I.) GaAs interdigitiated MSM PD's have also been fabricated. Ths 
devices have a temporal response of 64ps after deconvolution, which correspond to a 
3dB bandwidth of 6.8GHz for 0.85|Lim radiation. The detectors have a low dark 
current of 0.55nA at IV bias and a low capacitance of 2xlO"
14
F. To evaluate the 
influence of the gap width, S.I. GaAs MSM PD's with different interdigitated 
spacings are fabricated and tested. Interesting results are obtained on the speed and 
sensitivity due to the presence ^ of internal gain and recombination. Lastly, we 
develop a simple technique to control the polarity of electrical pulses generated from 
MSM PD's. By applying the optical beam to different regions of a coplanar 
waveguide structure incorporating the photodetector, a change in sign of the 
electrical signal was observed. The results are explained based on voltage induced 
on the detector electrode. ? 
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Chapter 1 Introduction 
Interdigitated metal-semiconductor-metal (MSM) Photodetector based on 
III-V semiconductor substrates has become an increasingly attractive research area 
in recent years. MSM photodetectors have found potential applications in the optical 
communications, optoelectronic integrated circuits (OEIC's) and high-speed electro-
optic sampling. The device is mainly composed of an optical absorbing layer on 
which two interdigitated metal electrodes have been fabricated to form back-to-back 
Schottky diodes. The schematic diagram of a simple MSM detector is shown in Fig. 
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Fig. 1-1 Schematic diagram of an Interdigitated MSM photodetector. 
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f The Interdigitated MSM photodetectors take the advantages ofplanarity and 
integration compatibility. The MSM photodetectors are easy to fabricate and the 
metallization patterns, including the interdigitated metal electrode, transmission line 
and metal contacts have the benefits of planarity. Furthermore, the MSM detector 
structure can be easily integrated with field effect transistors (FET's). All these 
factors reduce the complexity of the integration of MSM PD with MESFET or 
HEMT circuits. In the fabrication of an integrated receiver circuit, the electrode 
deposition stage can be combined with other metallizations. The MSM 
photodetector provides a simple fabrication process when integrated with OEIC's. 
The integration compatibility makes the MSM photodetector more attractive than 
, • v . . . 
the PIN photodetectors, which are quite difficult for the integration with other 
devices. . 
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Fig. 1-2 Capacitance versus edga length of the interdigitated area, for 1，2，and 3|im spacing 
MSM' s . The solid lines are for ljirn wide electrodes, and the dotted lines for 0.5iim fingers. The 
capacitance of a p-i-n with 0.5 and 1.0}im thick semiconductor is also plotted, for comparison. [Ref. 
1-1] . , . .'•:.、. ... ' •  • . . • 
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Apart from the planarity and integration compatibility, the planar structure of 
Interdigitated MSM photodetectors gives a very low capacitance per unit area. The 
capacitance comparison of the MSM with PIN photodetector are shown in Fig. 1-2. 
[Ref. 1-1] The capacitance of an MSM structure is much smaller than that of PIN 
structure. A low detector capacitance benefits receiver sensitivity since the 
equivalent input noise current in FET's is proportional to the square of the 
capacitance. The low capacitance also allows a large active area MSM PD, with a 
multimode fiber. It can be connected to a high impedance integrating amplifier 
V without compromising the bandwidth. 
_ • '. . • . • • •. ' • ‘ . ‘ 
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High speed performance with a wide bandwidth can be achieved by MSM 
photodetector. With the advanced technology for material growth, fabrication and 
electron-beam lithography, the speed of MSM photodetector can be further 
improved. At present, the fastest MSM photodetector has a 3dB bandwidth of 
510GHz. [Ref. 1-2] According to the speed limitation factor, MSM photodetector 
can be classified into three types. They are transit-time limited, RC time limited, and 
recombination-time limited. The RC time limited MSM photodetector is mainly 
limited by the capacitance of the ,detector and the impedance of the external circuit. 
It occurs only when the RC time constant is longer than the transit time or 
recombination time. The transit-time limited MSM photodetectors are usually 
fabricated on high-quality semiconductors which are grown by advanced technology 
such as MOCVD, MOVPE, etc. They have a sensitivity several orders of magnitude 
higher than that of recombination-time limited MSM photodetectors. Their 
fabrication technology is easily compatible with FET fabrication. However，the 
transit-time limited MSM photodetectors are generally much slower than 
recombination-time limited MSM photodetectors because it is difficult to make the 
finger spacing too small to reduce the carrier transit-time. The fastest transit-time 
limited MSM photodetector has 3dB bandwidth of 295GHz [Ref. 1-2]. The 
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recorhbiiiation^ime limited MSM photodetectors can achieve shorter recombination 
time and hence higher response speed by introducing high-density recombination 
centers into the semiconductor. This, however, lowers the sensitivity and increases 
the difficulties for the integration with FET IC fabrication. Another type of 
recombination-time limited MSM photodetectors is low temperature (LT) MSM 
photodetectors^ The LT grown semiconductor possesses a much higher defect 
density than the normal grown material because the higher the temperature the wafer 
is grown, the lower the detect concentration it contains. The fastest 510GHz MSM 
:'l； photodetector is recombination-time limited MSM photodetector on LT-GaAs. With 
the advanced fabrication technology, the finger spacing of a MSM photodetector can 
be reduced to nanometer scale. As a result, the speed of the transit-time limited 
MSM photodetectors can be further reduced, while the sensitivity for the 
recombination-time limited MSM photodetectors can be improved. It is expected 
that the difference in speed and sensitivity between the transit-time limited and 
recombination-time limited MSM photodetectors will be smaller in future. 
The MSM photodetectors are generally fabricated on III-V compound 
materials. These materials have an interesting feature that the bandgap can be 
changed by choosing the composition so as to control the spectral response. The 
technology of high speed photodetectors in the wavelength range from 0.8 to 1.6jam 
are in the focus of interest for lightwave communication systems. Special attention 
has been paid on l.3\xm and 1.5 5 jam, which have the lowest dispersion loss for 
optical fiber transmission. For 1.3|im and 1.5 5 |im operation, InGaAs has been used 
as the absorption layer of MSM photodetectors for long wavelength optical 
communications. GaAs is another common material for MSM photodetectors. It has 
superior performance for 0.85jo,m wavelength, that is very suitable for short distance 
optical interconnects within optical processors. Since a wide range of lattice constant 
is also provided by changing the composition of III-V compounds, the lattice 
:1-4 
constant matching condition can be easily achieved. It is important because the 
photodetector is generally in form of multilayer structure. The high mobility of III-V 
compound material also benefits for the photodetector operation. The carrier 
velocity and the transit time can be improved for a high-mobility material under an 
applied electric field. Furthermore, these compounds have direct energy band 
transitions that give rise to a high absorption coefficient at the band edge. This leads 
to a small device structure and a large quantum efficiency. The improved 
responsivity can reduce the thickness of the absorption layer and hence reduce the 
carrier transit time. The variation of energy bandgap and lattice constant, the high 
mobility and the direct bandgap transition of III-V compound make them a suitable 
candidate for MSM photodetectors. 
Interdigitated MSM photodetectors have found a wide range of applications. 
At present, MSM photodetectors have been successfully integrated with FET [Ref. 
1-3], HEMT [Ref. 1-4,5,6], MESFET [Ref. 1-7,8], and HFET [Ref. 1-9,10]. It has 
been commonly used for the fabrication of photoreceiver, [Ref. 1-11] A 14GHz 
bandwidth MSM photodiode AlGaAs/GaAs HEMT monolithic integrated 
optoelectronic receiver has been reported [Ref. 1-5]. The MSM photodetectors can 
also be applied as optoelectronic switches [Ref. 1-12,13,14]. Dual MSM 
photodetectors have been used for a rapid optoelectronic half-adder logic [Ref. 1-
15], a very short electrical pulse generation [Ref. 1-16] and long wavelength 
coherent receivers [Ref. 1-11]. The MSM photodetectors have application in 
multiplexer and demultiplexer. Multigigabit 8:1 time multiplexer [Ref. 1-17] and 
demultiplexing waveguide photodetectors [Ref. 1-18] in InGaAs/GaAs quantum 
well structures have adopted MSM photodetectors. MSM photodetectors also have 
applications in other areas such as optical clock distribution [Ref. 1-19], detector 
array [Ref. 1-20], and active matrix addressing operation [Ref. 1-21]. 
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The interdigitated MSM photodetectors have many attractive advantages and 
a wide range of applications. A lot of research have been done on MSM 
photodetectors in the recent years. Researchers have focused on fabricating high 
speed and high responsivity MSM photodetectors. In this project, our research can 
be mainly divided into three parts. First of all, we fabricate a 1.3jim InGaAs MSM 
photodetector grown by MOCVD using Tertiarybutylarsine (TBA). 
Tertiarybutylarsine has been used to replace the conventional source of Arsine 
(AH3) since the toxic Arsine requires a high equipment cost and complicated 
: process in handling of it. Measurement have been taken on the detector to determine 
whether XBA is a good alternative for Arsine in the fabrication of MSM 
photodetectors. In the second part of the project, we fabricate a few simple GaAs 
MSM photodetectors with different interdigitated gaps width. The investigation on 
the influence of the gap spacing on the photodetector speed and responsivity. 
Provides an important reference for the design of MSM photodetectors. Finally, we 
develop an optical technique to control the polarity of short electrical pulses 
generated from coplanar waveguide MSM photodetectors. The technique gives rise a 
new application of MSM photodetectors. 
The outline of the thesis is described in the following: 
In Chapter two, the basic theory for MSM photodetectors will be descirbed 
in detail. It includes the theory for metal-semiconductor contact and MSM energy 
band structure. Theories related to dark current, capacitance, d.c. responsivity and 
speed performance of MSM photodetector will also be described in this chapter. 
Chapter three and four mainly describe the device fabrication and experiment 
background. Metallization patterns, fabrication technique and procedures, and 
2-6 
device packaging are stated clearly in Chapter three. Chapter four gives the 
information an experimental equipment, background and procedures. 
Experimental results, data analysis and discussion will be given in the 
following three chapters. Chapter five relates to the research on 1.3|im InGaAs 
MSM photodetector grown by Low-Pressure MOCVD using Tertiarybutylarsine. 
Chapter six describes the performance of 0.85jim semi-insulated GaAs MSM 
photodetector with different interdigitated spacings. The optical control of polarity 
V in short electrical pulses generated from coplanar waveguide MSM photodetectors 
will be discussed in Chapter seven. Finally, we have a conclusion on the project in 
Chapter eight. 
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Chapter 2 Basic Theory for MSM Photodetectors 
2.1 Schottky-Mott Theory for Ideal Metal-Semiconductor Contact 
Since an MSM photodetector is composed basically of two back-to-back 
Schottky diodes in form of an interdigitated electrode pattern, their performance 
depends critically on the quality of the Schottky contact. A Schottky contact is 
known as a rectifying metal-semiconductor contact. Whenever a metal and a 
semiconductor is making in contact, a potential barrier could arise from the stable 
space charges in the semiconductor. The model was suggested by Schottky in 1938. 
Mott also、devised an appropriate theoretical model for metal-semiconductor contacts 
in the same year. [Ref. 2-1,2,3] 
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Fig. 2-1 Energy band diagrams of a n-type semiconductor and a metal when they are (a) far away 
from each other; (b) close to each other; and (c) making in contact. 
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According to the model, the potential barrier results from the difference in 
the work ftmetions of the metal and the semiconductor. The work function for a 
material is defined as the energy difference between the vacuum level and the Fermi 
level of that material. The process of barrier formation can be illustrated by the 
energy band diagrams in (Fig. 2-1). Figure 2-la shows the energy band diagrams of 
an n-type semiconductor of work function 扎 and a metal of work function (|)m when 
they are far away from each other. The metal work fiinction is greater than the n-
type semiconductor work function in this case. The vacuum level is defined as the 
eijergy level of an electron just leave the metal without any kinetic energy. And the 
electron affinity %s is the energy difference of an electron between the vacuum level 
and the bottom of conduction band. Since the Fermi level in the semiconductor 
varies with the doping concentration, the work function is a variable quantity. It 
should be noted that the semiconductor dose not contain any charges at the surface, 
such that there is no band bending. The work function c|)m of the metal has a surface 
contribution from the possible existence of a dipole layer at the surface. 
Furthermore, the periodic potential of the crystal lattice make a volume contribution 
to the work function 
As the two material is approaching to each other with a distance 5，negative 
charge will built up at the metal surface and positive charge with same magnitude 
exist in the semiconductor. The electron concentration in the semiconductor region 
near the boundary decrease. Since the separation between the edge of conduction 
band and the Fermi level EF increases with decreasing electron concentration, the 
energy band of the semiconductor is affected and bend up as shown in Fig. 2-lb. 
When the metal is making intimate contact with the semiconductor, electrons from 
the conduction band of the semiconductor, which have higher energy than the metal 
electrons, flow into the metal until the Fermi levels in the two material are 
coincident under the thermal equilibrium condition. As a result, a positive charge 
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remains in the semiconductor side near the interface and a thin sheet of negative 
〔charge is established on the metal interface. A Schottky barrier height is built up at 
the interface as illustrated in Fig. 2-lc. 
To evaluate the characteristics of the metal-semiconductor contact, it is 
necessary to determine the Schottky barrier height. Since the bandgap of the 
semiconductor remains unchanged when contact with the metal, the valence band 
edge Ev moves up correspondingly parallel to the conduction band edge, Ec. Also , 
the electron affinity of the semiconductor is assumed to be unchanged and the 
. vacuum leyel has to be continuous across the transition region. The vacuum level in 
the semiconductor hence moves with same variations as Ec. The amount of band 
bending is equal to the difference between the two vacuum levels, which is equal to 
the difference between the two work functions. The amount of band bending is 
known as the built-in potential, V{ of the junction: 
q V ^ q d ^ ) (2-1) 
where qV} is the potential barrier for an electron has to surmount when the electron 
is moving out from the semiconductor into the metal. On the other hand, the 
Schottky barrier height, (|)B is the potential barrier for an. electron moving from the 
metal into the semiconductor. It is expressed as 
<1>B = ( ^ -X s ) (2_2) 
= qVj +(|)S-Xs 
since (|)s = x s +伞 n . Hence，we have 
V 二 qV r+〜 (2-3) 
where (|)n = E c - E F . 
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Fig. 2-2 Energy band diagram of a n-type semiconductor, with (|)m < (|)s, and metal in contact. 
The rectifying Schottky metal-semiconductor contact, however, is formed 
only when c|)m > 扎 for an n-type semiconductor. For an n-type semiconductor with 
(|,m < (|)s, the energy band diagram is illustrated in Fig. 2-2. When the two material 
！: are making in contact, electrons flow from the metal into the conduction band of the 
semiconductor, that results an accumulations of positive charge on the metal side 
and electrons on the semiconductor side at the interface. The accumulation layer 
charge in the semiconductor is confined within a small thickness. There is no 
depletion region formed in the semiconductor and no potential barrier for the 
electron flowing from the semiconductor to the metal or vice versa. The current is 
hence determined by the resistance of the bulk region and is independent of the 
applied bias. The non-rectifying metal-n-type semiconductor contact, with c|)m < 扎， 
Is known as the ohmic contact. It should be noted that the opposite is true for a metal 
p-type semiconductor contact. When a mbtal is in contact with a p-type semi-
conductor, it is rectifying if(|)m < <|)s and is non-rectifying if (t>m > <t>s-
2.2 Modifications to Schottky-Mott Theory for Practical Metal-Semiconductor 
Contact 
According to equation (2-3), the schottky barrier-height (|)B increases linearly 
with the metal work function (jjra. In practice； however, only predominantly ionic 
semiconductor-metal contacts obey this rule. For many covalent semiconductors, 
the barrier height is less sensitive to (|)m. Some of them even not depend on 
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Pig. 2-3 Energy band diagram of (a) convalent semiconductor; (b) metai and convalent 
semiconductor in contact at thermal equilibrium. 、 
The phenomenon is attributed to the localized surface states as the periodicity of the 
crystal lattice is terminated at the surface of a semiconductor. This appears in a 
covalent crystal where there are no neighbors on the vacuum side for the surface 
atoms. That results the broken covalent bonds, known as the dangling bonds, at the 
surface. The dangling bonds give rise to localized energy states, characterized by a 
neutral level 小0，at the surface of the semiconductor with energy levels lying in the 
forbidden gap. The surface states modify the charge in the depletion region and thus 
affect the barrier height. In thermal equilibrium, neighboring electrons of the surface 
atoms occupy the localized energy states within the neutral level (|)0 as illustrated in 
Fig. 2-3a. The surface of the semiconductor hence becomes negatively charged. 
That creates a depletion layer with ionized donors in the semiconductor region near 
the surface. When a metal and a semiconductor are making in contact at a thermal 
equilibrium condition, two Fermi levels must be coincident by exchanging the 
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charge. If •dens i ty of surfece states at the semiconductor surface is sufficiently 
^ large, only the charges within the metal and the surface states are exchanged. Hence, 
I the space charge in the semiconductor is approximately unaffected (Fig. 2-3b). As a 
result, the barrier height is determined by the property of the semiconductor surface. 
It is independent of the metal work function (|)m and can be expressed as 
: |V'-；； . . . . .〜= ,E g -伞。 : . . . . . , , , . . : . :,(2-4) 
This is known as the Bardeen limit. [Ref. 2-2] 
The above modification applies to common covalent bonded semiconductors 
such as GaAs, Si and Ge, which have a large density of surface states in the band 
•磨jd .. -. .、.,' . . ....、' "' -, .… ... • .. '..' ‘ “ , . •. :. 
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2.3 Energy Band of Metal-Semiconductor-Metal (MS3M) Structures 
To evaluate the characteristics of an interdigitated MSM photodetectors, it is 
necessary to study the metal-semiconductor-metal structure which is indeed a two 
metal-semiconductor contacts connected back to back. Here, taking a 1-D 
approximation, the simplest form of a metal-semiconductor-metal (MSM) structure 
is discussed (Fig. 2-4). 
CONTACT 1 CONTACT 2 
M E T A L - 1 ¾ SEMICONDUCTOR ^ g / METAL 
^ L ^ 
Fig. 2-4 Simple metal-semiconductor-metal (MSM) structure. 
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(i) At thermal equilibrium 
The energy band diagram for an MSM structure at thermal equilibrium is 
illustrated in Fig. 2-5 where semiconductor is assumed to be n-type. The barrier 
heights and built-in potentials for the two contacts are expressed as c|)B1, (|>B2，V” and 
V i 2 respectively, the thickness of the semiconductor is denoted by L. For a 
symmetrical MSM structure, the two built-in potentials, the depletion width and 
barrier height are equal, i.e. V n = V i 2 = V i? (t>Bi - <t>B2
 =
 ^b，woi = W 0 2 = w o . T h i s 
is valid for MSM photodetector since the positive and negative terminals are made 
in some metal and have same contact areas. The energy band near the two contacts 
bend up ^nd the Fermi levels, E F of two terminals and the semiconductor are 
coincident in equilibrium as mentioned in the previous sections. In the follows 
discussion, we adopt symmetric MSM structure with n-type semiconductor. 
METAL SEMICONDUCTOR METAL 
CONTACT 11 I CONTACT2 
^ 忑 K^ 孓 : ^ T J ‘ 
丨 — — … 1 ¾ ^ 
p -
Fig. 2-5 Energy band diagram of MSM structure at equilibrium. 
(ii) Under small bias voltage. 
When a bias voltage is applied across two metal terminals, one becomes 
reverse biased，say contact 1’ and the other is forward biased, contact 2 because an 
MSM structure is two Schottky barriers connected back-to-back. The depletion 
width near the reverse biased side increases with the increasing applied voltage, i.e. 
W^WQ, while the depletion width near the forward biased side decreases with the 
decreasing bias voltage, i.e： W2 < W0. Anyway the sum of the two depletion widths 
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increases as the applied voltage is increased. The applied voltage V is shared 
/ between the two contacts such that 
• -





: • (2-5) 
where Vi is the voltage drop across the depletion region 1 near contact 1 and V 2 is 
the voltage drop across the depletion region 2 near contact 2. 
The relationship between and V 2 can be found based on the current 
continuity requirements. Solving the expression for the reverse current density and 
、 forward current density, discussed in next section, we have the following relation: 
:.•“.•‘.，..：，：. .. .‘ . •. ： . . . . '： ‘ *' : • .: . ... ； • , . . .... . ... ... ... .... . . . . . ‘ • • ^  ‘： 一 • 
‘ . 、 Y V n 、 从 「 1/ 1/1 1 f e p V 2 -1^1 
： (V, - ^ ) ^ 1 = ^111 (2-6) 
\ S t i ^ s s J L J p \ l - e H V 
q electronic charge 
^ j^^ ere (3
 1
 • •• _•• • 
kT Boltzman's constant x Temperature 
Since contact 1 is reversed biased, most applied voltage drops across the 
depletion region 1 so that >V2 and Wi > W2. 
, . V • • " • •  . • ........ . ‘ .... . .. . ,•. .. .. ..' . :. ... . ., . : .
 :
. -. …. -. ".'''.... • •  *. • 
E
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 I i !> >1 
f Wj W2 
Cathode Anode 
(Reverse bi?a) (Forward bias) 
1 /
 ; :
: : : : : 、 ： . 1 ' T 
L - _ \ Vi+V； 
/ / / / V 丨 v v r y 不 w 
W, W2 
Fig. 2-6 (a) electric field distribution and (b) energy band diagram of MSM structure biased below 
:
 V
RT- . . . 
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The depletion width depends on the voltage V^ and V2. The band diagram 
and electric field distribution are illustrated in Fig. 2-6. E m l and E m 2 in the figure 
represents the maximum electric field at two electrodes (at X = 0 and X = L). The 
corresponding electric field and the potential can be obtained by taking an 
integration on the Poisson Equation. It is expressed [Ref. 2-4] follows: 
I ^ ^ 、 ^ ( 兄 + 兄 ） (2-7a) 
f v : 宗 给 ⑶ - 巧 ( 2 _ 7 b ) 
where N D is the doping concentration of the semiconductor; 
q is electronic charge; and 
8S is the semi-conductor permittivity. 
»
r
 . : , . . . . . ' -•.: . . " . .‘： . . . . . .. . .::. _ ' . : . ... : , 
(iii) Voltage beyond the reach-through voltage, V R T 
As the applied voltage is increased to a reach-through voltage, VR X , the two 
depletion regions will just touch each other as shown will just touch each other as 
shown in Fig. 2-7a. Beyond the VR X , the semiconductor becomes entirely depleted 
• , ‘ • • . ‘ 
throughout the region. Hence, we have 
Wx + W2 = L (2-8) 
and the reach-through voltage can be obtained from following: 




If； :....: .... - . • , . • “ ‘ .... ‘ ... • . . . 
Beyond the reach-through voltage, the electric field within the 
semiconductor will be continuous and will vary linearly from contact 1 to contact 2. 
...::: (Fig, . : : .： -
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Fig. 2-7 (a) energy band diagram and (b) electric field distribution of MSM structure biased at V R X . 
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The depletion edge of the reverse-biased contact is pushed into that of the 
forward-biased one. Hence, the forward depletion region will rapidly decrease with 
further increasing voltage. 
_|:.丨： '• ‘. . . . . . . . . . . . ... . ... ... , . . . . . . . . • . • 〜 
(iv) Voltages larger than the flat-band voltage V F B 
With a further increase bias voltage, the depletion region at the forward 
biased side disappear and the reverse-biased depletion region occupy the whole 
semiconductor. The energy band at the contact 2 becomes flat and the electric field 
at the contact 2 becomes zero, the corresponding bias voltage is called the flat -band 
voltage (Fig. 2-8). In this case, 
W 2 = 0-and W ^ L 
|纖'.‘： ‘ : . . . : . : , . 、 、 . . . . .•• ‘ . • . ‘ . . . . • . 
Hence, we have the flat-band voltage, V F B 
I V F B = f ^ - L
2
 (2-10) 
。 2 s s 
Also, V F B and V R T have the following relation: 
i H B ^ / i ^ ^ y H I ) 
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Fig. 2-8 (a) electric field distribution and (b) energy band diagram of MSM structure biased at V F B . 
i： It is obvious that the flat-band voltage depends in the doping concentration 
of the semiconductor and the separation of two metal contacts. For a better 
performance of a MSM photodetector, it should be operated beyond the flat -band 
voltage to achieve a fully reverse depleted region, hence a high Speed response. The 
maximum V F B is limited by the avalanche breakdown voltage at the reverse.-biased 
contact No. 1. 
The bias voltage applied to the MSM structure can be further increased until 
the breakdown voltage is achieved. The breakdown voltage is determined by the 
maximum electric field EB, which is constant and independent of the depletion „ •... , 
region, and is given by 
V 3 = E B L 一 VP3 (2-12) 
The breakdown electric field, EB, however, is almost affected by the quality 
of the metal -semiconductor contact. 
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2.4 Dark Current Voltage Characteristics for MSM Structure 
The dark current-voltage characteristics has important influence on the 
performance of a photodetector. A low dark current can diminish the current noise 
and lower the minimum detectable power. The dependence of the minimum 
detectable power for a photodetector, P m i n can be expressed as followed [Ref. 2-4] 
P m i n = - ^ B (2-13) 
where B is the bandwidth, I d is the dark current, v is the incident light frequency, h 
is Planck's constant, r| is the quantum efficiency and q is the electronic charge. 
• •. . . . ’ • . . . ‘“ ,. ... .., • '• ‘，. '• . . • ‘. 
.".....•• . , - . . . . . • ： . • ；• . . ： . • ： • . . . • * 
A wide bandwidth and a low minimum detectable power are desired for an 
ultra-high bit-rate optical communication. It can be achieved only when the dark 
current is low enough. 
The current-voltage characteristics of a metal-semiconductor-metal structure 
have been analyzed by the thermionic .emission theory. [Ref. 2-4]. As illustrated in 
Fig. 2-9, there are electron current Jnl，Jn2 and hole current J p l , J p 2 across contact 1, 
and contact 2 respectively. v 
, : : : . . . : . , . . . . . . . " ；. . . . . . - ' -. . . . . . . . . . . . . • ’ . ' . . • • 
Jnl 
C ……—„„—_‘ 
JB K I Jn2 
j V V^V； 广 丁 
C — d e V2) 
Fig. 2-9 Schematic diagram of current flow in M S M structure. 
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1(1) Electron current density 
At contact 1 (cathode), the reverse current density J n l is given by [Ref. 2-2] 
11 J„, = J„ s e
P A K i




(i) p : kT/q; where K = Boltzman constant 
T = temperature 
q = electronic charge 
'• • ' - ‘ • . • ' . . • 
\h . . 厂 . . . . ： . . . . .、 
I (ii)A(|)nl, the Schottky barrier lowering given by 
nl \4nes 
where the maximum field at contact 1， 
. . : _ . . 、 . . . ， . . . . • . • , . _ :、 




The current density J n l hence depends on the bias voltage drop across reverse 
depletion region. 
(iii) J n s the saturation current density given by 
J n s =A;;T
2
e -枷 (2-16) 
where An* is the effective Richardson constant, 
(|)B is the Schottky barrier height for electron at contact 1. 
(2) Hole current density, 
The hole current density J p l at contact 1 is given by [Ref. 2-4] 
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义 q D p P h 0 t a n h [ " ( X 2 " X ^ T e 训 、 
J , 二 P L 7 V 「 p s ^ ( e 附 一1) (2-17) 
卞 P ^ V [ cosh ( X 2 - X ^ f ) 
/ p 
where P h o is the equilibrium hole density 
Dp is the hole diffussivity 
A„* is the effective Richardson constant for hole, p 
L n is the diffusion constant 
Jn_ is the hole saturation current density given by 
I ' , ..、：:‘..::::〈:::.:.、 
with (|)p + (j)B = Eg, energy band gap of the semiconductor. 
(3) Total Current density 
.. ....... . . • . . -...•...、 . 
The total current density , J is given by 
J J = J n l + J p l = J n 2 + JP2 (2-18) 
• • 
m- . .. . , ' . ::. ： . , . : . . . ... . • .... : . . . : 
解.: . . : . - . . • '•； . . .. . • 
Due to the current continuity requirements, we have J n l = J n 2 and J p l = J p 2 
. . . . . . . •' :. . . • ‘ ^ •‘ ‘ ‘ ' . . ' . . . . . 
Hence , the total current density J is expressed by 
q D p P h o t a n h [ ^ -
X
^ 1 J e , 
！ V \ ； cosh ) 
- / p_ 
I:.::.:,.:」-::;:.... • : . (2-19) 
Based on the above equation and the actual situation under different bias voltage, we 
can simplify the total current density J: 
: 2 - 1 4 . . 
(i) Small voltage V < V R T 
Since most applied voltage drops across the reverse depletion region, we 
have Vj » V2. It is obvious that both the electron current density and hole current 
density depend on the value of V^ and V2. The hole current is always less than the 
electron current, in this case. In general, the order of magnitude for the two current 
density [Ref. 2-4]. Hence, we can neglect the hole current contribution and the total 
current density is given by [Ref. 2-5,6] 
、. J = J n s e p A ^ ( l - e - p V l ) 
At Jemperature of 300K, p is equal to 38.61. For V! greater than 0.2V, the 
second term can be neglected. The total current density J can be expressed as 
务 f J = J n se p A^ (2-20) 
(ii) Reach through voltage < Bias voltage < Flat -band voltage 
When the applied voltage is greater than the reach through voltage, the 
neutral region, QC2"
x
l) becomes zero. Hence, the total current can be reduced to 
[Ref. 2-4] 
P ( V - V F B )
2 
j = j n s e 既 丨 + ‘ ( e W ( 2 - 2 1 ) 
FV;^ ':；；,；-'- 、 / . : , .•.、 . . .…• ’ . ： “ ’ : ' - : . . . . ：： : . . . ..J: ‘‘. 
If the electron barrier (|)B is much larger than the hole barrier height cj)p, the 
’ » - , . . 
丨过‘ . . ： ‘ * • • • 
hole current density will dominate and it cannot be neglected. 
(iii) Bias voltage > Flat - band voltage 
With the consideration of the barrier lowering effect at the anode the 
current equation can be reduced to 
I' J = J n s e
p A
^ + J p s e
p
^ ( 2 - 2 2 ) 
iiiiiiSi；；"^  . ‘ ：:； • 2-15 . 
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As the bias voltage is further increased to the breakdown voltage, the dark current 
will increase rapidly to an unlimited value, 
2.5 Capacitance for Interdigitated MSM Photodetectors. 
A low photodetector capacitance is desired for an application in optical 
communication system. It benefits the speed of photodetector such that the detector 
can operate with a high impedance integrating amplifier without reducing the 
bandwidth. A large active area MSM photodetecter can be used with a multimode 
fiber withQUt difficulty. A low detector capacitance also benefits the receiver 
sensitive as the equivalent input noise current in FET is proportional to the square of 
the total front capacitance, (C d e t e c t o r + C g s +Cstray)
2，with C g s is the sum of the gate 
source and gate-drain capacitance. [Ref. 2-3] 
Two models have been commonly used to evaluate the capacitance of the 
MSM photodetecter based on a one-dimensional (ID) approximation and a two-
dimensional (2D) conformal mapping technique. 
(i) 1-D approximation 
Taking a 1-D approximation, we treat an MSM structure as that mentioned in 
the previous section. For an applied bias voltage below the reach-through voltage 
VRT, depleted region appears within the semiconductor. Each depleted region 
create a capacitance. The total capacitance per unit area C 0 of an MSM structure is 
the result of two capacitances in series. 
C 0 = - ^ % - (2-23) 
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Based on semiconductor theory [Ref. 2-2], we have the capacitances for an 
depleted region, Cj and C2 as follows: 
C, = -^ - and C 2 = i 
2
 W2 
where % and W2 are the width of depleted region. Hence, using equation (2-7a) 
and (2-7b), the capacitances q and C2 can be expressed in terms of the applied 
voltage drop Vi and V 2 by : 
I � : ( ^ 乎 队 + 乂 ) 
I \ and C2 = ^ ^ ^ 1 ^ (2-24) 
Since V^ »V2，we can assume Vi « V and V2 « 0. the total capacitance per unit 
are Co is hence reduced to 








For an applied voltage greater than VR T , the semiconductor becomes completely 
depleted, i.e.: W! + W2 = L. The capacitance is then equal to that for a parallel plate 
condenser. Hence the capacitance reaches its saturation value C s a t where 
: C s a t * ( 2 - 2 6 ) 
where L is the separation between two terminals. 
(ii) 2-D Approximation 
Consider a Two-Dimension effect, the capacitance of the Interdigitated 
MSM photodetector, can be more accurately estimated by the technique of 
Gonformal mapping. This approach yield an evaluation of the potential and flux 
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distribution in terms of the co-ordinates of the transformed geometry provided that 
. all equipotential surfaces and electric field lines are normal or parallel to the surface 
of dielectric discontinuity. [Ref. 2-7] The technique has been commonly used to 
evaluate the capacitance for an interdigitated MSM photodetector. [Ref. 2-8,9,10] 
With this approach, the capacitance of the interdigitated MSM photdetector 
is calculated as follows: 
g (1 + s )K 




； w i t h (i) K'二 K(k') (2-28a) 
、 .. ，. .、 . . ' , . 









I (iii) k ' = V l - k
2
 (2-28c) 
(iv) k = tan
2
 (2-28d) 
where u is the finger width, s is the spacing between the interdigitated finger 
electrode, sr is the dielectric constant for the semiconductor and s 0 is the permitivity 
in vacuum. ., 
The total capacitance for the MSM photodetector with active area A is given 
by [Ref. 2-9]: ； 
C = C x — (2-29) 
s+u 
The result implies that the width and length of the metal fingers electrode, 
spacing have contributions to the capacitance, which is different from that expected 
in 1-D approximation. However, the active area and the interdigitated spacings have 
great influence on the device's capacitance for the two approximations. The 
approach has made an assumption that there is no electrical charge within the 
'.；'• • 2 - 1 8 
semiconductor. Therefore, the conformal mapping approach would be a good 
estimation for a lightly-doped and fully depleted active area region of an 
Interdigitated MSM photodetectors. 
2.6 Basic Mechanism of the MSM Photodetector 
Photodetector is a device that can detect incident optical signals through -
electronic process, and output an electrical signal to external system. A high-speed 
and sensitive photodetector is desired for application in optical fiber communication 
systems. The basic mechanism of a general photodetector mainly consists of three 
process: 
(1). Photo-carriers generation. 
(2) Carrier transportation within the semiconductor. 
(3) Interaction of photo-generated carriers with the external system. 
For an MSM photodetector, .the cathode becomes reverse-biased and the 
anode becomes forward-biased whenever a bias voltage is applied across two 
terminals. That enlarges a reverse-biased depleted semiconductor region near the 
"cathode. When an optical source is incident on the active area of the. MSM 
photodetector, those photons incident on the interdigitated gaps will be reflected 
from, absorbed by or penetrated into、the semiconductor. For the incident photons 
with energy greater than the bandgap energy of the semiconductor, electron and hole 
pairs will be generated as the photons are absorbed by the detector. The photons 
excite the electrons into the conduction band and the holes into the valance band. 
Within the depleted region, electrons in the conduction band and holes in the 
valance band are swept into opposite directions, under an electric field. Once 
electrons and holes have reached the anode and cathode respectively, recombination 
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of electron-hole pairs takes place at the terminal contacts/ The photon is detected 
- through the measurement of the carrier current. 
The long-wavelength cutoff, Xc for a semiconductor photodetector with 
energy bandgap E g is given by [Ref. 2-11] 
^ h c = _ 1 2 4 _ (2-30) 
:
 c
 E g E g ( e V ) , 
For optical source with wavelength shorter than Xc, the incident photons can be 
absorbed by the photodetector. Otherwise, the photodetector cannot signal the 
incident source. Furthermore, an external voltage is necessary to bias the 
photodetector to enhance the depleted region and electric field. The higher the bias 
voltage, the faster the speed and the higher the responsivity of the MSM 
photodetector. 
2.7 D.C. Responsivity and Quantum Efficiency of the Interdigitated MSM 
Photodetector 
To evaluate the photo-response of a MSM photodetector, we are interested in 
the internal and quantum efficiency, and the responsivity of the device. The quantum 
efficiency is defined as the number of electron-hole pairs generated per photon. 
Hence, 、 
fl V " P � 
丄 (2-31) 
X q J / V hvy 
where ID is the photogenerated current by the absorption of incident optical power 
tr 
P o p t at a wavelength X, that corresponds to a photon energy hv. An 100% internal 
quantum efficiency is desired, each absorbed photon will excite a hole-electron pair. 
It will constitute to the external current before any recombination takes place inside 
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the semiconductor. The responsivity of the MSM photodetector, however, is also 
limited by the maximum external quantum efficiency. Due to the physical limitation, 
the maximum quantum efficiency is given by 
t L - e i ) ( 2 - 3 2 ) 
Vs +w /
 v J 
where r is the reflectivity, s, w are the width of metal finger electrode and 
interdigitated gaps respectively, d is the thickness of the absorption layer and L is 
the optical absorption length. The above expression has considered the metal finger 
shadowing effect, the reflectivity for the incident wavelength at the semiconductor 
：. • • . - • ; . . ^ . “ ' • • ’ _ ; - . ‘ 
• . • • , .. / • •  . . • • • . . . . . . . ，. .-• 
surface and the optical absorption length of the MSM photodetector. 
The d.c. responsivity, R of a photodetector can be defined as the ratio of the 
detector output electrical current, I p to the incident optical power P o p t 




Hence, the relationship between the quantum efficiency and responsivity is 
expressed as (Equation (2-31) and Equation(2-33)) 
R = m = 3 M E l ) A / W (2-34) 
hv 1.24, 
f]v - . . . - . ’ - :.
 ;
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2.8 Speed Performance of the Interdigitated MSM Photodetector 
The high-speed performance in a semiconductor MSM photodetector is 
generally a function of the transit time of carriers across the metal terminal, 
diffusion of charges in transit, carrier recombination during transit, external 
packaging and contact impedance matching condition. 
For a transit-time limited and fully depleted MSM photodetector, the full 
width half maximum (FWHM) can be evaluated by an 1-D approximation: 
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FWHM = - 2 — (2-35) 
2x V 
where s is the width of the interdigitated gap and V is the carrier velocity. The 
smaller interdigitated gap，the faster the MSM photodetector. The carrier velocity V, 
depends on the electric field strength, E and is given by 
V = |i|E| (2-36) 
where \x is the mobility of the charge carriers. 
However, at a sufficient large electric field around 10
4
V/cm, the carrier 
. velocity of GaAs and InGaAs will be saturated to about 6x 10
6
cm/s. Hence, we have 




The photodetector speed may also be limited by the RC time, where R is the 
impedance of the external system and C is the capacitance of the MSM 
photodetector. The detector capacitance mainly depends on the geometry of the 
interdigitated gap as mentioned in section (2.5). For a recombination-time limited 
MSM photodetector, the speed is determined by the recombination lifetime. 
The measured FWHM of an MSM photodetector is indeed a convolution of 
the optical pulse width, real response speed, jittering effect and the impulse response 
of electrical equipment: ‘ 
T - W
1




 4 - T
2
 ( 2 - 3 8 、 1
 measured 一 "\J 1 optical T ^ jittering 丁 1 detector ” L electrical 、 厂 
where: x o p t i c a l is the optical pulse width, 
T
photodetector
i s t h e actual response speed of the MSM photodetector, 
T
jitter is the timing jitter, and 
T
electrical is the impulse response of electrical equipment. 
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Chapter 3 Device Fabrication and Packaging 
3.1 Metallization Pattern 
For the fabrication of a MSM photodetector— a piece of metallic layer with an 
acceptable thickness is deposited on the top surface of semiconductor material. The 
pattern of the metallization is important since it can determine the performance and 
characteristic of the detector. Basically, a MSM photodetector contains an active area 
with interdigitated metal fingers and two pieces of contact area for the biasing and 
detection purpose. 
• • ‘ \ . • 
Other than the active area and metal contact, our MSM photodetector also 
contains a pair of metallic transmission line. The transmission line is used to maintain 
the impedance matching condition. Since we adopt the structure of coplanar 
waveguide for transmission line, there are two pieces of ground planes lie on the 
device. 
3.1.1 Pattern Descriptions: 
In our project, two metallic patterns, say A and B, have been used for different 
bonding techniques. The major difference is that the size of pattern A is much greater 
than that of pattern B. At the stage of designing pattern A, there is no Au wire bonder 
available. Only silver paint can be used for connecting the detected signal from the 
photodetector to the external circuit. Hence, the metal contact area and the device are 
necessary large. The schematic diagram and details of the patterns are described in the 
following: 
Pattern A: .:....…...二 ： . ： ： . . 
There are three types of design for pattern A. Different width of interdigitated 
gaps with 4|im, S\xm and 16jj.ni are designed for the purpose of evaluating the effect 
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of the interdigitated spacing on the performance of MSM photodetector. Other 
f parameters such as active area, metal contact, ground plane, transmission line are the 
same in size and shape. The device has a symmetxic configuration. Since the pattern is 
designed for using silver paint as the connection, the metal ground plane and the gaps 
between them are large. That results in a large device size. The MSM photodetector 
with pattern A has been used in the experiment for Chapter 6 and Chapter 7. 
, 、 v 3 mm I 
h——^  — — ^ 
. .
7 7 3 则 ： ^ ― > H - — — — 小 . 小 1 
• . ,!• •! !•• ‘ 1
 1
 I • 
s I . ••_• I I 
_ . 0 28um 
1 I I I i i 11 •• • ^  I •"
 1 , 1
 ‘本 1 I I � k ™ _ ^ m — e J56^ m 3 — 





 . . 1054^m 一~~小 2 0 0 4 
• • ‘ . . . . - '. .• _• ‘ • . . . ... _ • 
Fig. 3-1 The schematic diagram of the metallization pattern A. 
Whole size: 3mm x 3mm 
Active area: (56|im)
2 
Contact area: 773jj.m x 3000|im 
Metal finger width: 8 jLim 
Width of transmission line: 56|im 
Ground plane: 1054pm x 1446jam 
2-2 
• 1 ‘：’ 
Three different configurations of interdigitated gaps are used: 
(i) Width of interdigitated gaps: 4|o.m 
Metal finger length: 52|im 
No. of metal fingers: . 5 
(ii) Width of interdigitated gaps: 8pim 
Metal finger length: 48|im 
No. of metal fingers: 4 
(iii) Width of interdigitated gaps: ： 16|im 
Metal finger length: f 40jim 
No, of metal fingers: 3 
Pattern B: 
Two types of design are available for pattern B. Different finger width and 
interdigitated spacings of 3 jam and 5\xm are designed to compare the performance of 
the MSM photodetector with different interdigitated dimension. There is a slight 
difference in the active area and metal finger length for the devices with 3|im and 5JJ. 
m gaps. Other parameters are approximately the same. Similar to the pattern A, the 
configuration of the design is symmetric. The pattern is designed for using the wire 
bonder. Hence, a small contact area of (lOOjim)
2
 can be used. The design provides a 
compact size for the device. The MSM photodetector with metallization pattern B has 
been used in the experiment for Chapter 5 and Chapter 6. 
Whole size: 1mm x 1.305mm 
Contact area: (lOOjim)
2 
Width of transmission line: 56|im 
Ground plane: around 400|am x 1305jam 
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Fig. 3-2 The schematic diagram of the metallization pattern B. 
务：.• . . . . • •. , . . . -
Two types of interdigitated gaps configuration are used for this pattern: 
(i) Width of interdigitated gaps: 5|im 
Metal finger width: 5\im 
No. of metal fingers: 3 pairs 
Metal finger length: 50|am 
Active area: (55fxm)
2 
(ii) Width of interdigitated gaps: 3|im 
Metal finger width: 3\im 
No. of metal fingers: 5 pairs 
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3.1.2 Design Consideration 
(1) Active Area and Metal contact 
since the size of the active and contact area determine the size of the 
photodetector, it is better to design an MSM photodetector with small active and 
contact areas. It benefits the reduction of the capacitance of the photodetector and 
hence the RC time constant. In addition, the dark current can be reduced when the 
metallization area is small. There is no doubt that a small photodetector allows the 
application of compact device in the OEIC's. On the other hand, the active area should 
be large enough to maintain a maximum photoresponse. The active area should be just 
greater than the size of the optical laser beam such that almost all the optical power 
\ • .. , .-
can incident on the surface of the detector's active area. Similarly, the size of the 
contact area should be large enough to allow the detector to be connected to external 
circuits. The metal contact area greatly depends on the bonding technique such as the 
I use of the wire bonder or silver paint. : 
(2) Interdigitated gaps 
The width of the interdigitated gap is a main factor to determine the response 
speed, device capacitance and photoresponse of an MSM photodetector. To achieve a 
high speed performance, the interdigitated gaps between metal finger should be as 
small as possible. The transit path and transit time can be reduced then. Furthermore, 
small interdigitated gaps can strengthen the electric field within the semiconductor at 
a certain bias voltage. The charge carriers can achieve saturated velocity under a 
strong electric field. It benefits for the low bias voltage operation of the detector. The 
interdigitated gaps have a typical width in the order of a few jim. Nowadays, 
interdigitated gaps with a few hundreds nm have been reported [Ref. 3-1,2]. Attention 
should be paid whenever the dimensions of the interdigitated spacing is too small. 
According to the evaluation of MSM photodetector's capacitance (Chapter 2), small 
interdigitated gaps give rise to a large capacitance and hence a large RC time constant. 
Indeed, when we reduce the interdigitated gaps, we reduce the carrier transit time and 
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If increase the RG time constant simultaneously. Whenever the RC time constant is 
greater than the transit time, the response speed of the detector is no longer reduced. 
I There is a compensation between the limited factors of transit time and RC time. In 
the fabrication of MSM photodetector, the fabrication technology greatly affects the 
quality of the device. To fabricate an MSM photodetector with interdigitated gaps less 
than l|j.m, an advanced technology is required. The width of interdigitated metal 
finger should be as small as possible to ensure a large ratio of interdigitated gap to 
finger width that can lead to a good responsivity of the detector. However, it should 
be reminded that the metal finger will be destroyed in device processing if the metal 
• finger is too narrow and long. 
. • “ ' ••、•• . . . • . ‘ 
(3) Transmission line 
In order to maintain the impedance matching condition, we have the coplanar 
waveguide transmission line located between the MSM photodetector and the metal 
contact. Since our experimental detection system has a 50Q impedance, the design of 
the transmission line maintain the impedance at this value. The structure of the 
coplanar waveguide transmission line is shown in Fig. 3-3. 
••‘ .... . . .... . . . . . . . . \ . ' " ' ' • . v •-
. • • • '•‘ : ' . .., •. - . . . : 1 ‘ •. “ ‘ 'V • • •. “ . 
. . • . , - . - •. •
1
 • ••• .-.• . . .• . ‘ . . ‘‘； - 1 •• • • • ‘ • 
¢-, •；, , . . . . • . 、 - ' . . ‘ : 、 ， ’ ‘' . . ：‘ . • • 、 . • . ：•. . :“.. ‘ . ‘ , • .. . . . . - . . ；- • . , "• . 、 • . ：： . . . . • 
Ground Ground 




Fig. 3-3 The schematic diagram of the coplanar waveguide structure. 
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. 
The coplanar waveguide structure has the characteristic of planarity. Two 
pieces of ground plane lie on the both sides of the central transmission line. The 
impedance of a coplanar waveguide depends on the width of the transmission line, 
dielectric constant of the wafer and the spacing between the transmission line and the 
ground plane. For GaAs and InGaAs, s r = 13,1. The impedance depends on the 
il：. 
It：：'.. 
following relation: [Ref. 3-3] 
M • • • ' " " ' • ' • ' • . - ‘ . 
/ z
 , = 0.5 w = 2s. 
_ 八 . 入 、 ： .：'•,；：• ： s + ^ . . . 
• . ‘ • • •• • 
• ':”... “ • - . . . 
k . . • . • ‘ . • 
• . 、•.. . . … . . . . . ： 
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3.2 Device Fabrication 
I . . , . , , : : . ....:.. 
The device is prepared by depositing 2000A Au on the top of the wafer using 
I . . 
thermal evaporation. The interdigitated electrode patterns, transmission line and 
I 雜 . “ , . 〜. 
contact pads were fabricated by contact photolithography and standard lift off 
technique, the thickness of the Au layer should be tine enough for the lift off process 
and thick enough for the bond wire technique. 
Fabrication Procedures: 
... . . . . . ,
:
 . . . . . • . . •.
 :
 • • ‘ •' ： • • ‘‘ ‘ . .. • • . . • 
1. To remove any grease, the wafer is cleaned with TCE (1,1,1 -Trichloroethane) for 
five minutes. 
2. Clean the wafer with acetone by ultrasonic for five minutes to remove organic 
solvent including TCE. 
3. To remove the acetone, repeat the above step with IPA (iso-propyl-alcohol), 
4. The wafer is then cleaned with deionized water. 
5 Using oxygen blower to dry the wafer. 
6. Place the wafer in an oven for five minutes at 80°C. 
7. Deposit about 1.2jj,m positive photoresist (AZ1450J) on the wafer. This can be 
done by a spinning machine operated at 4000rpm for 45 seconds. 
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8. Prebake: To stabilize the photoresist, place the wafer in the oven for 30 minutes at 
9. Allow the wafer to cool down for a few minutes. 
f 10. Use a maskaligner to place the mask on the wafer. 
11. Expose the wafer under ultra-violet light for thirty seconds. 
12. To harden the surface of the photoresist, place the wafer into chlorobenzene for 
five minutes. (N.B. Gholorobenzene can cause cancer.) 
13 . Blow away the chlorobenzene on the surface of the wafer by a suction pump. Any 
chlorobenzene stays oh the wafer would destroy the developed pattern. 
14. Develop the wafer with AZ351 (1:5 H 2 0) for thirty minutes. : 
15. Rinse the wafer with deionized water and then dry it. 
16. Post-bake: Place the wafer in the oven for thirty minutes at 80°C to stabilize the 
photoresist patterns. 
17. Deposit 2000人 Au on the device by thermal evaporation. 
；^••； ., . . : : . .. . . : . 、 •‘ ‘ ’ . 
18. Lift-off: Place the wafer in acetone using ultrasonic until the pattern is clearly 
shown. 
19. Immerse the wafer in IP A to remove the acetone. 
20. Rinse the wafer with deionized water and then dry it. 
3.3 Device Packaging 
> • ' " . ...... • 
3.3.1 Packaging Procedures: 
1. Using a pair of forceps and scriber to separate the processed wafer into many 
pieces, each contains one device. 
2. The device is fixed onto a printed circuit board by means of thermal paste or silver 
paint (for wire bond technique), 
3. Electrical connections between the device and the transmission lines on printed 
circuit board can be made by either the silver paint or Au bonding wire. 
讓 • .. 3-8 
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4. After processing step 3, the circuit board is mounted on a metal testbox to 
facilitate the external electrical connections. It can be done by means of a 50Q 
SMA connector. The schematic diagram of the device packaging is shown in Fig. 
3- SMA connector. The schematic diagram of the device packaging is shown in 
1 : , :
:
 Fig. 3-4. . 
5. To facilitate the optical alignment, the testbox is fastened onto a three-
dimensional precision stage. 
Ground plane 「、ill 
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Ground plane 
Fig. 3-4 The schematic diagram of the device packaging. 
齡、. ..，..".‘•. ：：.‘“ ；. . ... •  . . . . . • " . . . . . . . ' • . . • . ‘ . . , ；-
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3.3..2 Circuit Board Preparation . ；；_ . . . . . . . . . 
- ‘ 1 . Design 
The transmission line structure for the printed circuit board is the microstrip line. 
The schematic diagram of the microstrip line structure is shown in Fig. 3-5. The 
ground plane lies on the side opposite to the transmission line. They are separated 
by the dielectric material. It can be fabricated by etching and photolithography 
| ' ., ‘ . . ., . , ： 、“ , “ • - . . .. . . .. . :. . .•• : . . ..... ‘ ‘ . . . ‘ . . ... . , • 
techniques. The original board is a piece of dielectric substrate inserted between 
two conducting copper material. The characteristic impedance is determined by 
the width of the transmission line (w), height (h) and dielectric constant (sr) of the 
dielectric material. It is designed to have a 50Q characteristic impedance to 
maintain the impedance matching condition. The design is carried out with 
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HP85150B Microwave Design System (MDS) running on the DEC workstation. 
The parameters for our printed circuit board are: 
•歉. • •.」 
•雲 . . , •：.... 
w== 1.55mm, h = 0.625mm and 8r = 2.94. 
If . . 
If . . 1
 • w 
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Fig. 3-5 The schematic diagram of the microstripe line structure. 
I ' • ‘ , . . . 
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2. Circuit Board Preparation Procedures: II • ‘ “ . “ ‘ ： . ‘ . . • 
1. The mask is done by transferring the pattern onto a piece of plastic with red 
• I- ‘ • ^^H 
h ‘ . - . ‘ . 
membrane. 
2. Apply positive photoresist (AZ1450J) to a cleaned and dry board. It should be 
applied on two sides of the board. 
p 1 . . : ‘ . . . ‘““. .‘：： 
3. Prebake: Bake the board for 20 minutes at 80°C 
11/ . ‘ • . /.、 . • . , , . . .... -..•——.’.‘ . ' . . . . . . . 、 . . . . " ‘ ： ： . ’ . . . _ r-
4 place the mask onto one surface of the board and then press them by a glass plate 
, ‘ ‘ • .
 1
 , . ‘ . . ... . . . • .:...:. :... ‘ •
:
 • .: : 二 . -
to get a flat surface. 
5. . Exposed the board with mask under mercury lamp for ten minutes. 
, . . ； ... ； .: . •. - .1: .... . .. ........ . ‘ . . : . . . . . : , … . 、 , . . ‘ . . • . .‘‘......：, 
6. Immersed the board into sodium hydroxide (NaOH) solution to develop the 
pattern. 
: . ； . : . . . ‘ 
7. Rinse the board with water and then dry it. 
8. Postbake: Bake the board for 2 minutes at 100°C to harden the photoresist. 
9. Place the board into iron (III) chloride solution (FeCl3) to etch away those 
unwanted parts of the copper layer. Five to ten minutes is required for this 
process. r 




Chapter 4 Experimental Description 
觀：壽 
4.1 Experimental Procedures 
To measure the characteristics of the MSM photodetector, a number of 
experiments are carried out. The measurement includes dark I-V characteristics, 
device capacitance, transit response of the detector and I-V characteristics under 
f r , . . : , 
illumination. To detect the transit response and d.c. response of the detector, the 
device has to be correctly aligned. Figure 4-1 depicts the schematic diagram of the 
I . . ； ‘.、•'广， - . ,：：…， :•, . : .‘ ; . . . : . .广： . . 
experimental set up. 
‘ . . . - 、 . ； . ' ' . 
Detail experimental preparation procedure is described as follows: 
f . . … •、 . . . . . . . . 
1. After mounting the device on the three-dimensional precision stage, connect 
electrical cables to two SMA connectors which are in contact with the two 
. ‘ : : ' . . . • • • ： ‘ 
electrode terminals of the detectors. 
I::」:.:.）:/..:. ；；；'",' .•二.,..〉:..... : : .. .. . . :,.. • . . . . . . . . : … ： ： • _ 、 ， . . . 厂 . . . ： — • 
2. Connect one terminal to the bias voltage source and the other terminal to the 
bias-tee for the detection system.‘ 
3. The two ground plane can be earthed by using two terminators. 
4. Connect the d.c. component of the bias-tee to the lock in amplifier and the a.c. 
component to the scope. 
5. The laser beam is supplied by the laser source through optical fiber. 
6. Before any optical alignment, the laser beam from the optical fiber has to be 
adjusted to output collimated light beam by using a objective lens. 
7. Give a small bias, around a few volts, to the MSM photodetector. 
8. Align the collimated beam to incident on the active area of MSM photodetector 
with the help of a Electronic Infrared viewer. Adjust the precision tuner on the 























































































































































































































































































9/ Place the focusing lens to a location between the collimation lens and MSM 
photodetector such that they all lie on a straight line. 
10. Adjust the vertical and horizontal axis of the stage installing the focusing lens 
until a maximum signal is obtained in the lock in amplifier. 
11 • Move the focusing lens towards the MSM photodetector by tuning the remaining 
axis and then repeat procedure 9. 
12. Repeat procedure 9 and 10 until the distance between the MSM photodetector 
and the focusing lens is approximately equal to the working distance of the 
focusing lens. 
* , . . . . . . . • ' • , . . ' • .. .; ', 
I 13 . disconnect the dx. component of the bias-T from the lock in amplifier and then 
connect it by a terminator. 
14. Observe the transit signal on the scope. Readjust the tuner on the stage of the 
detector to obtain a best transit signal with the smallest FWHM and high peak 
amplitude. The bias voltage can be increased in this stage. 
4.2 Equipment Description 
1. Optical source 
Two laser sources have been used in the experiments, 
(i) For 850nm radiation 
The source is a 850nm diode laser (PPL 50M module) in a microwave circuit 
pulsed at a fixed repetition rate of 50MHz. The laser beam comes out through a 
50/125 core/cladding corning fiber fitted with an ST style optical connector. 
Specifications: 
Nominal wavelength: 850nm 
Wavelength tolerance: lOnm 
Spectral width: 4nm 
FWHM: 47ps 
Peak power: 40mW 
. . , , • 
2-3 
H^^^f , 4^ ？ / ‘ f,气：、1 
(ii) For 1.3 jim radiation 
OKI OL 350A-4 laser diode is used for 1300nm radiation. It is a DIP module 
I package with single-mode fiber pigtail. The threshold current of the laser is 
19mA and the output power is in the range of hundreds of for input current 
below 30mA. The external quantum efficiency is 45|iW/mA. Gain-switching 
technique is used to produce short optical pulses from the semiconductor lasers. 
The technique requires picosecond electrical pulses to drive a pre-biased laser 
diode. In our set up, signal generator HP8657A provides a OdBm 100MHz 
sinusoidal signal which is then amplified by a 24dB gain amplifier. The 
amplified signal is used to drive' the HP33002A 100MHz comb generator that 
provides the picoseocnd electrical pulses. The pulses are then coupled with a d.c. 
current of several mA，provided by LDX-3412 precision current source, through 
f； a microwave bias-tee. They are then used to drive the laser diode. The output 
power and pulse width of the laser source depends on the supplied current. 
2. Lens system 
For the optical alignment, two objective lens are used to collimate and focus the 
laser beam. The collimation is necessary as the laser beam diverges quickly after 
leaving an optical fiber (divergence angle:'23° to 35°). Objective lens with large 
numerical aperture is preferred because it can receive more light due to its larger 
acceptance angle. The collimation condition can be checked with a Newport F-
IRC1 infrared sensor card. Another objective lens is used to focus the collimated 
laser beam onto the active area of the MSM photodetector because the active 
area, about 55 x 55 ^im
2
, is very small. It can be done by tuning the three-axes 
precision stage. 
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3. Alignment indication 
( ^ A lock-in amplifier and an optical chopper are used to achieve an accurate 
alignment. The lock-in technique has the advantages of measuring very small 
ax. signals. An optical chopper is used to chop the input optical beam incident 
on the device. The chopper controller informs the chopping frequency to the 
lock-in amplifier. The amplifier then average those signals with frequencies, 
within the narrow bandwidth, around the chopping frequency. Maximum lock-in 
reading gives a indication for tuning the alignment system. 
4. Measuring system 
(i) Transit-time response signal 
A sampling oscilloscope is used to trace the detected a.c. signal after a maximum 
lock-in reading is obtained. The alignment location with maximum lock-in 
reading does not represent the position with best a.c. signal due to the 
photovoltaic effect. Hence, optimization has to be done with an oscilloscope. 
Furthermore, all the information; including the signal waveform, pulse width, 
rise time, fall time and peak amplitude, can be observed and measured by the 
oscilloscope. 
(ii) I-V characteristics 
The d.c. current-voltage (I-V) characteristics is another important information. It 
is measured by connecting the detection terminal of the device to an HP4145B I-
V semiconductor parameter analyzer. The dark current and photoresponse of the 
MSM photodetector can be obtained when the measurement of I-V 
characteristics is carried out under the dark environment and illumination 
respectively. 
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(iii) Power calibration 
To evaluate the photo-responsivity of the MSM detector, the detector is required 
to be incident with different power level. It can be done by use of an optical 
power attenuation. The incident power is then measured by the optical picowatt 
power meter, that gives the average incident optical value. 
5. Data capturing 
The transit time signal waveform can be captured and stored by computer with a 
software package Labview for windows. Labview is a graphical programming 
' .*' . . _ . . • ' ' ' .. • .• • • ‘，’ • . .- ,. ‘ .. ‘ • ^  • 
system、for data acquisition and control, data analysis and data presentation. 
Measurement automation eaxi also be achieved by this software package. 
, ¾ ^ ¾ % I ‘i , t - ' * , 
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j Chapter 5 1.3|im Ino .53Gao.47As Metal-Semiconductor-Metal 
I Photodetector Grown by Low-Pressure MOCVD 
Using Tertiarybutylarsine 
• ' - - ‘ - * . • ‘ _ • 
5.1 General Description 
,, . . . ‘ 
The long wavelength interdigitated metal-semieonductor-metal (MSM) 
I -. .- " , ‘ � •“. … 
photodetectors have received considerable attentions in the recent years. The MSM 
PD's have potential application in optical communication and optoelectronic 
、 ‘ . - . . . - . . . . . . . . . . 
integrated circuits due to its high speed perform^ice, planarity and compatibility for 
...• . . .:. ‘ ‘ . 
integration swith high-speed electronic devices such as FET [Ref. 5-1] and HEMT 
[Ref. 5-2] • Ino.53Gao.47As MSM photodetectors are attractive for the applications in 
long-wavelength optical-fiber communications systems since In053Gao.47As has 
superior performance in carrier transport and effective absorption in the 1.3-1.5 \xm 
wavelength range. Because of the low Schottky-barrier height (0.2eV) of InGaAs, 
the performance of InGaAs MSM PD's is poor. Different types of Schottky barrier 
height enhancement layer have been attempted to improve the quality of the 
photodetector. With the MOCVD technology，high quality of heterointerface 
between Schottky barrier enhancement and InGaAs have been grown to yield a 
InGaAs PD's With good performance characteristics. 
Metalorganic Chemical Vapor Deposition (MOCVD) has played an 
important role in device technology for the growth of high quality epitaxial layers. 
The requirement for gaseous arsine (ASH3) as the arsenic source is a drawback of 
the MOCVD technique for arsenides. In handling the toxic arsine, expensive 
equipment and complicated procedures are needed. Recently, Tertiarybutylarsine (t-
B11ASH2) has become a promising alternate for the arsine as it has been 
commercially available in both quality and quantity • Low doping, good morphology 
and high mobility are observed in the epitaxial layer grown using 
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I Tertiarybutylarsine (TBA) [Ref. 5-3]. TBA is much safer than arsine because it is a 
liquid at a room temperature vapor pressure of 115Torr [Ref. 5-4]. The pressure is 
low in comparison to the storage pressure in arsine cylinders, but it is sufficiently 
high for the typical MOCVD growth rates. Hence, the cost for safety handling of 
high-pressure cylinders of toxic gaseous arsine can be greatly reduced. 
We report here, to the first time of our knowledge, the performance of an 
I no . 5 3Gao . 47As M S M photodetector grown by low-pressure M O C V D using 
Tertiarybutylarsine, 
" • • • , . • . ' . . - ‘ . *. ‘ - » • 
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5.2 Structure of the Photodetector 
The epitaxial layers of the detector were grown on a semi-insulated InP 
substrate. A 200nm thick undoped InP buffer layer was grown first on the substrate. 
Following the buffer layer, there was a l|im thick unintentionally doped In 0.53^ 
15 3 • 
0 4 7 A S absorption layer with n-type doping level of 5x10 cm" as the absorption 
layer. Finally, a 20nm InP Schottky barrier enhancement layer was grown on the top 





. There is no any graded layer or superlattice layer between the InGaAs 
absorption layer and the InP cap layer. The structure of the Ino.47Gao.53As MSM 
photodetector is shown schematically in Fig. 5-1. 
2000人 Au 
+ 
20nm InP Schottky barrier cnhanccmcnt layer 
l^trn Jnojpa^As absorption layer 
200iun InP bufTer layer 
S.I. InP substrate • 
Fig. 5-1 Schematic diagram of the In0 5 3 Ga 0 4 7 As MSM-PD structure. 
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For metallization, 2000A Au is deposited on the top of the InP Schottky 
enhancement layer by thermal evaporation. The interdigitated electrode pattern and 
bonding contact pads were formed by contact photolithography and standard lift off 
technique. The detector consists of 3 pairs of metal fingers with finger width and 
gap of 5|im, finger length of 50|am , and an active area of 55x55|im
2
. The structure 
was incorporating to a 50Q impedance coplanar waveguide transmission line. For 
simplicity, no mesa etching were done to isolate the detector area. The interdigitated 
finger electrodes transmission line, ground plane and bond contact pads lies on the 
top of InP Schottky barrier enhancement layer. No anti-reflection coating and 
. . . . . . . . .,
:
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passivation layer were deposited on the device. The contact pads has large areas of 
(lOOjim)
2
 and the electrical signal is connected to external via a 3mm length 
bonding wire. 
Basically, the MSM device consist of few epitaxil layers which have 
different important functions. The substrate is always served as a simple platform 
for the epitaxil layers . Semi-insulating (SI) substrate is used because it is very 
significant in reducing speed-degrading stray capacitance. It also provides a simple 
way for the electrical isolation of the device. These advantages make MSM 
v ； - photodetectors compatible for integration with other high-speed electronic device 
such as HEMT and MESFET. 
To obtain a high quality device, a buffer layer is required to be grown 
between the absorption layer and the substrate. The buffer layer can reduce the 
parasitic capacitance and improves the speed performance at low bias voltage. Due 
to the poor quality at the surface of InP substrate, many traps will be produced at the 
interface if the absorption layer is grown on the substrate directly. The charge 
associated at the interface will definitely increase the capacitance. In addition, the 
existence of charge at interface increase the carrier concentration in the InGaAs 
2-3 
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absorption layer and greatly affect the uniformity of the electric field associated in 
tHe absorption layer. The speed of holes and electrons are hence reduced and the 
detector gives a slower pulse response and longer tails. The effect is specially 
significant at low operating bias voltage. Growing a buffer layer on the substrate, the 
trapping can be greatly reduced because the buffer layer is grown by the advanced 
technique, LP-MOCVD. It introduces a high quality property at the surface. The 
buffer layer effectively reduces the parasite capacitance and carrier concentration in 
the absorbing InGaAs layer. As a result, a low frequency internal gain and uniform 
field strength, can be achieved in the device. 
•； . ' • . . . . . . . ‘ - . • • • • . • • 
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Ino.53Gao.47As is grown as the absorption layer because, it has appropriate 
energy bandgap and lattice constant. Consider the energy gap, Eg, for 111^^¾As 
[Ref. 5-5]， 
E (x) = 0.356 + 0.7x + 0.4x2 -
容、" 
Ino.53Gao.47As has a energy gap of 0.77336eV at 300K which corresponds to the cut 
off wavelength of 1.6|im. Hence, In0:53Gao.47As is a suitable candidate for 1.3|im 
and 1.5|im long wavelength photodetector. Other than the energy bandgap, lattice 
constant is a very important factor in processing a semiconductor device. The 
k；': , • .. • .... • .. . . ： ! . . . . 
lattices between two semiconductor materials must be matched closely, otherwise, a 
considerable amount of interface traps will be introduced at the heterostructure. Poor 
performances in photodetector's speed arid responsitivity will be found in this case. 
According to Vegard's law [Ref. 5-5]? the In^xGaxASyP^y quaternary alloys can 
grown lattice matched on InP substrates. The lattice matching relation between x 
and y can be expressed as 
x = 0.47 y (0<y<1.0) . 
For y = 1 and x = 0.47, Ino.53Gao.47As can grow lattice matched oh InP 
substrate with a lattice constant of 5.86A. In choosing the absorption layer thickness, 
I i f . . . . . . . . 
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there is a tradeoff between minimum carrier transit time and maximum 
responsitivity. To achieve a minimum carrier transit time, the absorption thickness 
. . . 





 . . 
other hand, maximum responsitivity requires a thick absorption layer. Ino.53Gao.47As 
has a absorption coefficient of 1.16 |im-l for 1.3 |im wavelength and 0.68 fim-1 for 
1.55 jam. The relation between the absorption coefficient and the transmitted 
intensity can be expressed as 
I . 1 = 1 广 (5-0a) 
where I0 is incident light intensity. 
I . • ； t: thickness of the absorption layer, 
a = absorption coefficient. 
1 I 
fe Percentage of absorbed light by the detector, A% = 1 - — 
id 
I A% = l - e -
a i
 : (5-0b) 
We found that if the detector can absorb almost all incident light intensity, 
absorption layer thicker than 4}im and 7jim are required for 1.3jim and 1.5|im 
respectively. It definitely increases the carrier transit time between the metal fingers 
with regards to the transit path in 2-D geometry. Since we focuse on 1.3jim 
wavelength optical light detection, we choose ljim thickness for the absorption layer 
to achieve a fast carrier transit time and keep the light absorption percentage to a 
reasonable value at the same time. 
Although the InGaAs MSM-PD has superior response in the 1.3-1.55 jim 
wavelength region, the Schottky-barrier height on n-type InGaAs (0.2eV) [Ref. 5-5] 
is too low. It is difficult to accomplish an InGaAs MSM-PD with low dark current. 
To achieve a good performance on an optoelectronic receiver, it is necessary to 
reduce the noise background. The incorporation of a InP Schottky barrier 
2-5 
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enhancement layer is an effective way to increase the Schottky barrier height of the 
contact. Many different materials such as AlGaAs [Ref： 5-6], InAlAs [Ref. 5-7], 
Fe:InP [Ref： 5-8] and undoped InP [Ref. 5-9] has been used effectively for this 
purpose. In choosing the Schottky barrier enhancement layer, the requirements of 
~ . . ‘ . 
matched lattice constant should be satisfied. Furthermore, a wider bandgap material 
I - ‘ I 
is applicable such that the incident light will not be absorbed in the Schottky barrier 
enhancement layer before they enter into the absorption layer. Apart from the 
. j 
matched lattice constant, InP has energy gap of 1.35eV and cut off wavelength of 
0.918 jam. Hence, incident light with wavelength of 1.3 \im and 1.55jim will not be 
absorbed by InP. The function of the incorporation of a Schottky barrier 
enhancement layer is shown in Fig. 5-2. The thickness of InP layer should be as thin 
as possible to make sure that only a very short transit path is inserted into detector. 
A 'quasi'-Schottky contact is formed in this case. 
\ / 
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Fig. 5-2 Energy band diagram for the incorportion of Schottky barrier enhancement layer. 
5.3 Experimental Results 
To detect the transit signal, the photodetector was illuminated under 1.3 |J.m 
and 0.85 |im wavelength respectively. For 1.3 |im illumination, the signal waveform 
of the detector under 2V and 6V bias were shown in Fig. 5-3. A long tail is observed 
in the pulse shape. Those signals biased at a higher voltage has performance. 
Pulsewidth, rise time, fall time and amplitude have been recorded for the detector 
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biasd from 2V to 1OV. At 6V bias, the full width at half maximum, rise time and fall 
time were measured to be 225ps, 117ps and 310ps respectively. The variation of 
FWHM, rise time and Fall time were shown in Fig. 5-4. The FWHM decreases 
sharp ly with increasing bias and become nearly steady around 4V bias. It has a value 
of 320ps at 2V and decrease to 225ps at 6V. Beyond 4V bias, the FWHM is found to 
be varied within the range of 220ps and 23Ops. The fall time has similar tendency as 
the FWHM. Fall time of 420ps was found at 2V bias and it decreases rapidly to 
305ps at 4V bias. After that 4V bias,'it becomes nearly steady and varies within the 
range from 305ps to 320ps. No any particular decreasing or increasing tendency is 
observed beyond 4V. Unlike the FWHM and fall time，the rise time decrease slowly 
from 2V to 3V. It is approximate constant within the range of 115ps. The peak 
current variation at different bias is shown in Fig. 5-5. The amplitude increases with 
increasing bias and no any saturation case is observed. 
For 0.85[xm illumination, similar tendency for the FWHM, rise time, fall 
time and amplitude is obtained as shown in Fig. 5-6 & 5-7. The FWHM and fall 
time decrease from 305ps and 950ps to 255ps and 783ps as the bias voltage 
increases from 2V to 6V. Beyond 4V the FWHM and fall time are approximately 
々 -cons tan t . ; The rise time drop slowly from 2V to 4V and. is nearly steady around 
lOOps in the range of 3V to 7V. Rise time of 106ps is found at 6V bias. The 
amplitude of the transit pulse increases- with bias voltage and does not saturate 
below 7V. It is found that the FWHM and fall time are shorter for 1.3|im 
illumination, while the rise time are approximately equal for 0.85|im and 1.3jim. At 
6V bias, the FWHM of 0.85pm is 225ps. The signal is illustrated in Fig. 5-8-
*.•；•'.、,'.:' ：•"...，... , ' ' •.. ：，..... ^ . . . . . . . '•：. . ._ ,:: • . . . . . . .. . . . , • . , - .... 
To evaluate the quality of the InGaAs MSM photodetector, the dark current-
voltage (I-V) characteristics of the detector were measured. Although no mesa 
isolation and passivation coating were done, dark current of acceptable value were 
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| | obtained. At IV bias voltage，a value of 2.2|aA was measured. It corresponds to a 
I I current density of 0,73 nA/jim
2
. The dark current increases with the bias voltage as 
..:.... •..…:...:.：.:：.. ； : . - . . . . . , . • ... . ... , - ；." -- ；'^  v r “‘ .• .. - . . . ‘ • 
shown in Fig. 5-9. The breakdown voltage is observed to be greater than 10V. As 
. . . 
I t . . ...:+.. _ , . . ,
 1
 . 丨 ‘ . . 
the bias voltage is increased to 6V, the dark current is 6.8JJ.A. The dark current is 
comparable to p-type In a 5 3Ga 0 . 4 7As [Ref. 5-10] and FerlnP Schottky barrier 
enhancement layer. [Ref. 5-11] 
The photocurrent responsitivity of the detector were measured by HP4145， 
• ；. ' . • . . . 
semiconductor parameter analyzer. The illumination power were calibrated by 
” • . , ' , ' . • . ‘； . ‘ . . • ： • 
power meter. The radiation source was a continuous 1.3 |am wavelength laser diode 
I The I-V characteristics under illumination was shown in Fig. 5-10 and 5-11. 
f The photoresponse increases sharply at low bias voltage. As the bias increase to a 
so-called keen voltage, the rate of increasing photocurrent is slower. With a further 
increase in bias voltage, a flat response is obtained. There is a rounding in I-V 
curves, which becomes significant at high input power. Beyond the keen voltage, the 
I" • : 、 ， . . . . . . . . . . . 
photoresponse become nearly independent of bias voltage under low power 
illumination (Fig. 10). In case of high power radiation (Fig. 5-11)，the photocurrent, 
however, rise gently with bias above the keen voltage. The phenomenon is observed 
f when the input power is greater than 370JJ.W. The keen voltage, increases with input 
power, from 0.5V at 7 .6JIW to 1.5V at 900p.W. At 2V bias, a nearly linear 
relationship is obtained for the photocurrent against the illumination power level. 
Obtained from the slope, the average d.c. responsitivity is found to be 0.23A/W (Fig. 
5-12). Indeed, the d.c. responsitivities of the device vary with both bias voltage and 
illumination level as shown in Fig. 5-13. At low bias, say IV，the responsitivity 
decreases with increasing input power. Responsitivity smaller than 0.19AAV is 
observed under 900jxW at IV bias. DC Response saturation occurs at low bias and 
__察；::::::真 . 5 - 8 
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higH incident power. However, as bias increase to 5V, the responsitivity start to 
increase with the input power. The phenomena becomes more significant when bias 
at a higher voltage. Under 900|aW illumination and 8V bias, the detector has a 
responsitivity greater than 0.27 A/W. 
I .. ,.: 
The InGaAs photodetector was also illuminated by a pulsed 0.85jim laser 
diode. The photoresponse of the detector is measured under average incident power 
from 4.2jaW to 51|xW. The photoresponse is shown in Fig. 5-14. Similar to that 
under 1.3um illumination, the photocurrent increase rapidly at bias below the keen 
, , • ： ；. . . . ’ . ‘ ‘‘. ‘ . ，- r • . . ； . ‘ ”’ , "••：-
In: • • . . . . . . . . . . . . •. 
voltage. The keen voltage increases from 0.4V at 4.2iiWto 0.8V at 51 |iW. Since the 
laser source illuminate at low power； a flat response is obtained at bias beyond the 
keen voltage. The rounding of the I-V curve are less significant. Plotting the 
photoresponse against the power at 2V bias, a linear relationship with slope of 0.21 
I is obtained. As shown in Fig. 5-15, the responsitivities vary within the range of 
0.2AAV and 0.22A/W. 
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Fig. 5-3 Signal waveforms of InGaAs MSM photodetectors biased at (a) 6V; (b) 2V under 1.3|im 
illumination. 
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Fig 5-4 s ignal waveforms of InGaAs MSM photodetectors biased at 6V under 0.85pm illumination. 
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Fig. 5-5 (a) FWHM; (b) Fall time; and (c) ris^e time of the detector under 13\xm illumination. 
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Fjg. 5-6 Amplitude of the signal under 1.35|im illumination. 
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Fig. 5-7 (a) FWHM; (b) fall time; and (c) rise time of the InGaAs M S M detector. 
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Fig. 5-8 Amplitude of the signal under 0.85nm illumination. 
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Fig. 5-9 Dark current of InGaAs MSM photodetector. 
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Fig. 5-10 I-V Characteristics of InGaAs MSM photodetector under \3\im illumination. 
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Fig. 5-11 I-V characteristics of InGaAs MSM photodetector under 1.3pm illumination. 
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Fig. 5-14 DC photoresponse for different input optical power at 0.85}im excitation. 
Responsivity (A/W) 
• 0 . 3 • . • 
0 . 2 8 “ ' ； 
0.26J . ‘ “ ,… 
0.24 “ ’ 1 〇.22 — _ “ ° 
0.2 ‘ 
0.18 | ‘ -
0.16 . - . 
0 . 1 4 . . 
0 . 1 2 丨 
0 . 1 
0.08 “ . ‘ • 
0 . 0 6 1 ： . 
0 . 0 4 - ； 







 ‘ ‘ ‘ ‘ ‘ 
0 1 0 2 0 3 0 4 0 5 0 
Power (|i W) 
Fig. 5-15 Responsivity against illumination (0.85jam) power level at 2V bias. 2-13 
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5.4 Data Analysis and Discussion 
I； 1 To analyze the transit response of the InGaAs detector, we first focus on the •  • • . ；‘ ^ . ：； ；• . . , ‘ • . • -
pulsewidth of the signal. The FWHM at 6V bias was measured to be 225ps. Take a 
deconvolution of the response, the real response of the detector, T d e t e c t o r can be 
• ,5 
found from Equation (2-38) Neglecting the effects of jitterring and electrical 
equipment, which are much smaller than others in general，then 
, T = (5-1) 
1
 detector ~~ "y .measured optical .
 v 
With the optical pulse of 70ps, the real response t i m e of the detector is found to be 
214ps. And the corresponding 3dB bandwidth [Ref. 5-12] can be estimated by 
• • ' ' • ； , - , • ' ‘ . . . , ’ . . . 
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We report here that we have fabricated a 2GHz InGaAs MSM photodetector grown 
. ' . . . . . . . • •. . . 广 1 • • 
by MOCVD technique using Tertiarybutylarsine in place of Arsine. Indeed, the 
response time of the detector should be shorter than that value due to the instability 
of the laser source. It introduces a large jittering effect that is hardly to be measured. 
Since the capacitance of the device-is measured to be less than 1.9pF, the 
photodetector has a RC time constant of 95ps with 50 ohm impedance for our 
device； To evaluate the highest response speed of a transit time limited MSM 
photodetector, we can take the following 1-D approximation, (Equation (2-35)). By 
taking a electron saturation velocity of 6xl0"
6
cm/s [Ref. 5-13], the speed of the 
detector should be close to 42 ps. However, the actual speed of the detector should 
be greater than the calculated value when considering the actual 2-D geometry of the 
detector instead of the 1-D approximation. Our measured FWHM of 225ps is much 
greater than the expected transit time of 42ps and the RC time constant of 95ps. It is 
mainly attributed to the fact that the semiconductor in the detector cannot achieve 
the fully depleted condition at a low bias of 6V. For a fully depleted MSM detector, 
the bias voltage has to be close to the flat band voltage that is given in Equation (2-
2-14 
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 and finger spacing L of 5p.m, the 
evaluated flat band voltage is 
1.6xlO"
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It is much greater than our operation voltage. It is believed that a large portion 
within the detector belongs to the diffusion region at 6V bias. The width of the 
depleted region can be calculated by Equation (2-7a) and Equation (2-7b). There is 
., ,• . . , ' " ' X ' . • ‘ • . . . . . . 
no doubt that a larger bias should be applied for the detector to increase the 
depletion width and hence the speed, ijie detector，however, has to be biased below 
the breakdown voltage, 10y for our case. The breakdown voltage can be further 
increased if we use a better Schottky Metal like Ti/Au or coating with a passivation 
暴‘ 1../ ；. ‘. .. •. , . “ • . , 
layer. Since the detector is not folly depleted, photogenerated carriers have to diffuse 
into the diffusion region before recombining at the metal contacts. The transit 
velocity of the carriers within the detector is thus much smaller than the saturation 
velocity of carriers. The carrier velocity is slow inside the neutral diffusion region. A 
long diffusion tail is introduced within the incompletely depleted detector, which 
causes a slower response of the detector. The full time of 31 Ops is much greater than 
/ 二 rise time of 117ps of the detector that implies the presence of a long tail in the 
“ . 狄 - . •• . . . 
detector signal. 
With regard to the tendency) of FWHM and fall time at different bias, we 
found that they become approximately saturated at a bias above 4V. It seems to be 
opposite for the suggestion of incomplete depleted condition. Normally, the 
pulsewidth of the detector saturates only when the detector has been folly depleted 
and the applied voltage is sufficient to provide a strong electric field for carriers drift 
with the saturation velocity. This this is not the case of our device when we consider 
the above explaination. Basically, the FWHM and the fall should decrease with the 
y ... \ •…:.‘；/'..‘_':',、.、..： ’•:[ ; ' ':,、. • : . ; .^/v；：；-;：；'- ：•>；' • ; ‘  ：； 、’ " ：、：： ，7. ...-:. 
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increasing bias for the device. In our case, since most applied voltage was used to 
deplete tiie detector and the depleted width does not increase rapidly with the bias. It 
I /_. c . 
will be clear when we consider that a 86V bias voltage is required to deplete 5 (im 
width. Hence, the effect of increasing voltage is not significant at the bias below 
1-. • - . I 
10V. The tendency of the FWHM and fall time will be shown more clearly if we 
纖V , ,• • '• • ； ' ' ； ' • • • .. • . . • I 
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could increase the bias to few tenth volt. However, the breakdown voltage of the 
detector limit the operation. Due to the jittering effect and the instability of the laser 
.I 
source itself, the slow decreasing rate of the pulsewidth with the bias voltage cannot 
be shown exactly within the range of bias variation. The presence of internal gain 
due to the charge pile up at the interface of InGaAs/InP Schottky barrier height 
• 
enhanced layer may also affect the pulsewidth tendency. At a higher bias voltage, 
I 
the internal gain, which will be discussed in detail later in the analysis of DC : 
responsitivity, will be more serious. The injected carriers from the metal contact to 
. . . . . . . . ' ‘ . . . . • •••"• . . . . . . . • . . 广 . 
the semiconductor due to tunneling reduce the detector speed and hence the 
bandwidth. Another proof of incomplete depleted condition of the device is the 
absence of saturation in the peak amplitude of the transit signal at the bias working 
range. Hence, a low concentration doping level of the epitaxial layer, narrow finger 
width and small capacitance should be achieved to reduce the speed of a MSM 
:photodetector.^^^ ； . ； 
For 0.85|am incident, the tendency of FWHM, fall time, rise time and the 
peak current at different bias is similar to that of 1.3|im. It is reasonable that the 
variation of this characteristics depends on the detector itself, not on the incident 
wavelength. However, the FWHM of 250ps for 0.85p,m illumination is slightly 
greater than that for 1.3jam incident, 225ps, while the rise time is approximately 
; equal in both ease. It is because the bandgap of InP is 1.35eV, which is small 
enough to absorb the 0.85 incident light. In fact, InP has a absorption coefficient of 2 
for 0.85|im radiation [Re£ 5-14]. As a result, a portion of carriers will be 
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generated deeply within InP layer, that cause a longer transit time for the detector. 
This explains why the detector response speed is slower for 0.85|im illumination. 
The dark ciirrent can be improved to be much lower if mesa etching was 
done. With regards to the configuration of the device, metal contacts including the 
interdigitated metal fingers, contact areas, coplanar waveguide transmission line and 
the ground plane are all lying on the top of n-doped InP Schottky barrier 
enhancement layer. Hence, current will be conducted through a large pieces of metal 
contact area other than the interdigitated metal fingers. The effective current 
conducting areas will be much larger than the active area of the MSM photodetector. 
By doing mesa etching down to the semi-insulated InP substrate, the dark current 
can be greatly reduced since the carriers concentration within semi-insulated layer is 
. 鴣 . 
much smaller than that of n-doping material. 
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Since the MSM photodetectors consist of two Schottky contacts connected 
back-to-back, the dark current is mainly limited by the Schottky barrier height. 
Studies of Schottky contacts on Au/InP^have shown that the barrier height is 0.52eV 
[Ref. 5-13]. Such a barrier height is sufficient to limit the dark current to an 
acceptable value. Given a bias to the MSM photodetector, one contact will be 
forward bias while the other contact become reverse bias. The dark current becomes 
reverse bias. The dark current characteristics can be described by thermionic 
emission process. At bias voltage lower than the flat band voltage V F B ? electron 
injection at the reverse-biased contact, is considered to be the main process in carrier 
transport. Here, we can neglect the hole injection terms since most bias voltage drop 
across the reverse biased side, and the magnitude of the thermionic current density, J 
can be expressed by Equation (2-20) 
|.:..;.:::
:
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with saturation current density, (Equation (2-16)) 
_ 。 丄 J s = A W / k T . 
• s 
where A* is the effective Richardson constant; 
T is the temperature; 
(|) is the Schottky barrier height and 
A(|) is the image force barrier lowerings, which depends on the bias voltage 
and can be expressed as 
！ s . i s 
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where V r is the voltage drop across the reverse bias depleted region, Vp is 
the built-in voltage. 
Taking a logarithm of Equation(5-3), 
l n J t h = l n J s + ^ ( « a ) 
Hence, by plotting the logarithm of measured current against the image force barrier 
lowering, which is proportional to (Vi+VD)
1/4，the y-intercept gives the value of 
saturation current density. The Schottlcy barrier height can be found out from 
(Equation(2-16)). The saturation current is found to be 1.54xl0'
7
 A. If only the 
active area is considered, the corresponding Schottky barrier height would be 
0.44eV. The difference between the values of 0.44eV and 0.52eV may be due to the 
deviation of actual metal contact area from the detector active areas. There is no 
doubt that dark current can be reduced if we use another material with a higher 
Schottky barrier height such as InAlAs，(f 二 0.65eV) [Ref. 5-15]. However, InAlAs 
I / 、 讓 飄 
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May suffer from other problems including large internal gam and oxidation of A1 
[FLe£ 5-14]. Mesa etching and passivation layer may be a good method to reduce the 
dark current. 
Under low illumination, photocurrent increases with bias voltage and 
saturates at the keen voltage. Low keen voltage, around IV，is found, which is far 
from the 86V flat-band voltage of our device. Basically, photocurrent saturation is 
exDected to be achieved near the flat-band voltage at which the active region become 
reverse bias fully depleted [Ref. 5-15]. Our result show that only a very small bias 
voltage can saturate the photocurrent of a MSM photodetector. Taking a 1-D 
approximation, the spacing between 2 metal finger can be classified into three 
regions, the reverse bias depleted region near cathode, natural space-charge diffusion 
region, and the forward bias depleted region near the anode. Under zero bias, the 
MSM detector is symmetrical and no photoresponse is obtained. It is because photo-
generated carrier within two depleted regions are equal in magnitude, but flow in 
opposite direction provided that symmetrical optical alignment is achieved. As bias 
increase, the MSM detector become reverse bias at cathode and forward bias at 
anode. Since a large fraction of bias voltage drop across the cathode, the reverse bias 
. , . ..... ,-.- • ... 
depleted region is much greater than that of the forward bias. Hence, charge 
generated near cathode dominates the current flow of the detector. Within each 
depleted region adjacent to the metal contacts, the electric field is large enough to 
drift out all carriers, which is generated inside these region, before any significant 
recombination taking place. It is easily understood by comparing the transit time 
across the space-charge region, several tens of picoseconds, and the recombinative 
lifetime, few nanoseconds. Hence, electrons and holes generated within these space 
charge region are swept into the diffusion region and metal contacts respectively. 
When an external voltage is applied across the contacts, there is a very little fraction 
of potential drop across the diffusion regions resulting from the ohmic voltage drop 
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of the applied bias. Hence, within the diffusion region, there is a small and uniform 
electric field which varies nearly proportionally to the overall external applied bias 
voltage V. Other than the carrier generation, recombination and diffusion, there is a 
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where Dn, Dp are diffusitivities and jin, jip are the mobilities of electrons and holes, 
respectively. … 
As the external bias voltage increases, the electric field of the diffusion 
region also increases, which play a role in the separation and collection of the 
generated electron-hole pairs inside the region. Hence, the photocurrent increase 
with the external bias until all the generated carriers are being drifted to their 
corresponding contacts before they recombine within the semiconductor.. With 
further increase in bias voltage, the number of collected carriers remains unchanged 
and a flat response is thus obtained. This is the effect of photocurrent saturation 
[Ref. 5-16]. According to the analytical result of [Ref. 5-16], only a very small 
electric field, Ed of the diffusion region is required to cause the photocurrent 
saturation. The voltage at which the photocurrent saturate corresponds to the keen 
voltage. The experimental results of the illuminated d.c. photoresponse can achieve 
saturation before the semiconductor become fully depleted. 
. . . • V ； • ‘ • ‘ v • : ::.„•" 、, ... ’. .. .., • •：' . 
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It is found that the keen voltage increases with incident optical power. It 
implies that，under a higher incident power, bias voltage is required for the detector 
to achieve the photocurrent saturation. Hence, the responsitivity for high power 
illumination is smaller at low bias. The phenomenon is attributed to the formation of 
light induced space charges piles up at the interface of the InGaAs absorption layer. 
Since there is a large bandgap discontinuity between InP (1.35eV) and InGaAs 
(0.77eV), charge carriers have to surmount the InP barrier before recombining at the 
metal contact. The rate of carriers surmounting the barrier depends on the electric 
field across the barrier layer. Whenever the rate of photocarrier generation is greater 
than the conduction rate, charge pile up occurs and it results in a reduction of the 
electric field in the InGaAs absorption layer. Due to the charge screening effect, the 
recombination probability, for charge carriers is increased and the collection 
efficiency of photogenerated carries is hence reduced. The effect become more 
significant under high incident power as the amount of charge pile up increases with 
the photogenerated electrons and holes. To compensate for the shielding of the 
applied electric field, a sufficient bias voltage has to be applied. This explains why 
the photocurrent saturate at a higher bias voltage under high incident power. 
At low bias voltages and high intensities, there is a rounding of the I-V 
curves. While the charge pile up at the InP/InGaAs reduce the electric field across 
the InGaAs absorption layer, it also results in higher electric field across the InP 
barrier layer. The enhanced field increases the rate of electrons and holes surmount 
the barrier due to tunneling and thermonic emission process. Hence, a portion of 
photocurrent will be introduced to the detector. At low bias voltage and high 
intensities, the rounding of the I-V curves refers to the nearly equilibrium condition 
between the increased carrier recombination and the enhanced carrier conduction 
rate over the barrier, 
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The measured responsitivity of InGaAs MSM photodetector is 0.23 A/W and 
0:21 A/W for wavelength 1.3|a.m and 0.85pm illumination respectively. The 
corresponding quantum efficiency, ” , can be found by Equation(2-34). For X 二1.3 
jim and R= 0.23AAV, the measured quantum efficiency is found to be 0.22. 
Similarly, the measured quantum efficiency of the detector is 0.31 for 0.85jim 
wavelength. Consider the reflection at surface, fingers shadowing and optical 
absorption length of the detector, the maximum quantum efficiency is limited by 
Equation(2-32). For optical wavelength of 1.3|im，the absorption coefficient for 
InGaAs is 1.16|im
_1
 [Ref. 5-17]. the reflectivity at surface depends on the refractive 
index n and、absorption constant K by the expression : 
； J 1 - ^ ； ^ ； (5-5) 
with absorption coefficient [Ref. 5-5], 
a = ^ (5-6) 
X 
For 1.3jim at InP surface, n = 3.2 [Ref. 5-14]. Since light source of 1.3pm 
wavelength will not be absorbed by the . InP due to the large bandgap of InP, hence 
absorption constant is equal to zero and the reflectivity is 0.27438. Taking l|im 
absorption depth, 5jam finger spacing and finger width into Equation(2-32), the 
maximum quantum efficiency is 0.249, By comparing the value with the measured 
quantum efficiency, 0.22, nearly 90% internal quantum efficiency is obtained. The 
result implies that a high quality epitaxial layer is yielded in 1.3|im InGaAs MSM 
PD grown by MOCVD using Tertiarybutylarine. 
The measured quantum efficiency for incident light of 0.85}im is greater than 
that of 1.3|im. It is because the limiting factor for the detector quantum efficiency is 
different from 1.3}im. For light of 0.85}im, the absorption coefficient of InGaAs is 
• «V' ' „, •
 :
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around 3.811m"
1
 [Ref： 5-14]. Furthermore, incident light of 0.85p,m is also absorbed 
by InP with a absorption coefficient of 2|am
- 1
. The higher absorption coefficient of 
the detector for 0.85 jam optical illumination results in a higher quantum efficiency. 
Almost all incident light is absorbed by the device. Hence, the maximum quantum 
efficiency can be stated as 
ri = ( i - i o f - ^ " " ) (5-7) 
* max \ S + W / 
For 0.85|im, the reflectivity at InP surface is 2.998 and hence maximum quantum 
efficiency will be 0.35. It is reasonable that the measured quantum efficiency is 
higher for 0.85|im radiation. 
Under high incident power level, there was a small internal gain for the 
detector at high bias. The photocurrent rise slowly beyond the keen voltage for 
incident power above 0.5 mW. Photoresponse saturation cannot be achieved under 
high power illumination. At 8V bias and 900mW incident power, the responsitivity 
of 0.273A/W was found (Fig. 5-13), which corresponds to a quantum efficiency of 
0.26. It is slightly greater than the expected maximum quantum efficiency value of 
0.25. The phenomenon is mainly attributed to the charge screening effect at 
InPAnGaAs interface. Once the equilibrium condition between the increased 
recombination and the enhanced carrier conduction is achieved, the enhanced carrier 
conduction across the barrier layer dominate the photoresponse as the bias increase. 
Hence, the photocurrent still increase even though the device have been biased 
beyond the saturation voltage. This explains why the responsitivity increases from 
0.185A/W to 0.275A/W as the bias increase from IV to 8V. No significant internal 
gain is observed for low incident power because of the charge pile up at the 
interface. Internal gain is detected for InGaAs MSM detector [Ref. 5-18]. With the 
insertion of a linear graded layer on supplerlattice layer, the band discontinuities 
between the Schottky barrier enhancement layer and the absorption layer can be 
• •'t." ‘ ： - . i' . - ： M ；. .. I； . . . . .... \i• ’ 
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improved [Re£ 5-19]. Although there is no any graded or supplerlattice layer, the 
internal gain for our device is small. The InP S c h o t t k y barrier enhancement layer 
(20nm) may be thin enough to prevent any significant carrier accumulation at the 
heterointerface. The small internal gain of the device also implies that a high quality 
interface of InP and InGaAs are yielded growing by LP-MOCVD technique using 
Tertiarybutylarsine. Indeed，any defects or lattice mismatch at the heterointerface 
may accumulate significant carriers at the interface that increase the tunneling effect 
and hence increase the internal gain: 
. • ‘ S . . •. ‘ . . . . . . . . . 
5.5 Summary 
We have fabricated , a 1.3jam In。.53Gaa47As MSM photodetector grown by 
Low-Pressure MOCVD using Tertiarybutylarsine. Tertiarybutylarsine is used to 
replace the toxic gaseous arsine (AH3) due to its advantages of safety and easy 
handling. The photodetctor has a FWHM of225ps, that corresponds to 2GHz 3-dB 
bandwidth. Acceptable dark current of 2.2|aA biased at IV is measured although no 
mesa etching was done. DC responsivity of the device is measured to be 0.23 A/W, 
which corresponds to nearly 90% internal quantum efficiency. No serious internal 
gain effect is observed： We have also measured the performance of the 
photodetector under 0.85pim illumination. Since 0.85jj.m incident source can 
penetrate deeply into the photodetector, a longer pulse width and a higher external 
quantum efficiency is found. 
The characteristics of high quantum efficiency, satisfactory speed, acceptable 
dark current level and low internal gain for the MSM photodetectors implies that 
Tertiarybutylarsine is a good alternative source for Arsine in view of its quality and 
safety. 
5-24 
, t ‘ '、：，‘• ' , I 
I Oiajrter 6 l i e Performance of 0.85|im Semi-Insulated GaAs 
I MSM Photodetector with Different Interdigitated 
Spacings 
6.1 General Description 
GaAs Metal-Semiconductor-Metal photodetectors have outstanding 
performance in the 0.8jam wavelength region due to their high response speed, low 
bias voltage requirement and simple planar structure. Furthermore, the high 
Schottky barrier height (0.8eV) of GaAs exhibits a very low dark current for the 
MSM detectors. GaAs MSM PD is suitable for short distance optical interconnects 
between local area network and processors. It has been applied for the high-speed 
optoelectronics integrated circuits (OEIC 'S). [Ref.6-1 to -4]. At present，the 
reported most complex integrated GaAs receiver uses GaAs MSM detectors, where 
over 2000 devices were employed in four parallel receiver clock-recovery circuits 
[Ref.6-5]. 
In this chapter, we report the experimental results of a S.I. GaAs 
Interdigitated MSM photodetector with 5jj,m metal finger width and interdigitated 
spacing. A good performance is obtained although the device has a very simple 
structure. Metal electrodes and patterns were simply deposited on the top of a semi-
insulated GaAs wafer. Measurement on- detector's dark current, capacitance, transit 
response and d.c. photoresponse have been done and analyzed. 
To achieve a high detector performance, we also study the influence of the 
interdigitated spacings on the speed and d.c. responsivities of MSM photodectors. 
Two designed patterns are adopted. Pattern A (Chapter 3) provides a design with 
metal finger width of 8|im and a wider interdigitated gaps of 4|im, 8p.m and I6\xm 
respectively. Pattern B (Chapter 3) is designed to have same metal finger width and 
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interdigitated gap of 3jim and 5\im. For simplify purpose, we denote Photodetector 
4A，8A and 16A for the detectors with Pattern A and finger spacing of 4jam, 8fxm 
and 16jxm. Similarly, Photodetector 3B and 5B denotes to the Pattern B with 3{im 
and 5jj,m gaps. Pattern details and design criteria have been stated in Chapter 3. 
The presence of internal gain in many GaAs photodetectors has been 
commonly reported. It enhances the d.c. reponsivity of the MSM photodetector. 
Such a phenomena is also observed in our devices. A smaller interdigitated gaps 
should provide a higher speed performance for the MSM photodetectors. However, 
.• . . ‘ . . . . ‘ ‘ • ‘ • • 
I 、 we observe that the internal gain causes a negative effect on the speed of the 
I;. photodetector. Interesting experimental results are obtained for the comparison of 
Photodetector 3B and 5 B . . 
For the metallization Pattern A, with same metal finger width, we observed 
that a wide interdigitated gap cannot provide a high responsivity. The effect may be 
due to the recombination factor. Detailed results, data analysis and discussions are 
stated in the following sections. 
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6.2 Experimental Results 
6.2.1 Performance of a 6.8GHz S.I, MSM Photodetector with 5|im Interdigitated 
Gaps 
A semiconductor laser diode of 850|im wavelength optical pulse of 47ps 
F W H M ^ d 5l^m a v e r a g e power. The transit response at different bias from 0.35 V 
to 15 V were measured. The amplitude of the transit signal is sufficiently high even 
biased at very low bias, 0.35V. The signal has a small FWHM of 93ps at such a low 
bias voltage. As the bias voltage is increased to 1 V，the waveform of the signal is 
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‘improved in shape. It has a high contrast to the background and the FWHM is 
reduced to 87ps. (Fig. 6-1) As the bias is further increased, the FWHM is slightly 
decreased while the amplitude of the signal increases continuously. At a bias 
voltage of 10V, the FWHM, rise time, fall time are found to be 80ps, 59ps and 43ps 
(Fig. 6-2). It corresponds to a 3dB bandwidth of 6.8GHz. Observed from the graph 
Fig. 6-1 and Fig. 6-2, there is a long tail and ringings at the falling edge of the signal 
waveform. The ringings is much serious at a higher bias voltage. However, no 
ringings is observed at a low bias voltage of 0.35V. 
The dependence of FWHM, rise time and fall time on bias voltage are shown 
in Fig. 6-3. The detector has a FWHM lying within the range, from 80ps to 90ps. 
The FWHM decreases slightly with increasing bias voltage. As the bias voltage is 
increased to 5V, the FWHM becomes saturated to 81.7ps. The rise time variation is 
丨: nearly constant and lies around 60ps. On the other hand, the fall time decreases with 
the increasing bias voltage. At 0.7V bias, it has a fall time of 72ps. As the bias is 
increased to 3V, the fall time is decreased to 50ps. Above 5Vy the fall time become 
saturated to around 45ps. Like the FWHM, the fall time decrease rapidly at low bias. 
An interesting result is observed when we compare the value of FWHM, rise time 
and fall of the device. The FWHM has the largest value among of them. The fall 
time is found to be greater than the rise time at low bias. However, as the bias is 
increased beyond 3 V, the fall time become smaller than the rise time. 
The amplitude variation of the transit signal at different bias voltage is 
shown in Fig 6-4. The amplitude is high even at a bias below IV. The amplitude 
rises rapidly below 10V bias and there is a turning point at which the slope of the 
curve decrease. Beyond it, the amplitude rises rather slowly. That corresponds to an 
approximate saturation condition. 
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To characterize the S.I. GaAs MSM photodetector, current-voltage(IV) 
characteristics under dark condition were measured. Very low dark currents were 
obtained in the detector. Initially, the dark current increases rapidly with the 
voltage. There is a knee at 0.8V bias voltage. Beyond it, the dark current rises 
comparative gently with the bias voltage. The detector has a low dark current of 
0.55nA at IV which corresponds to 0.18pA/|am
2
 current density. When being 
biased at 5V, current of InA and 2.15nA respectively. 
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The dc responsivity of the MSM detector were measured under illumination 
at 0.85|J.m with power levels varying from few JIW to few tenth The results of 
the I-V characteristics under different incident intensity level are shown in Fig. 6-7. 
The shape of the I-V characteristics can be classified into three parts. The 
\ photocurrent increases rapidly with voltage at a bias below the keen voltage which 
situated at 0.8V. The I-V characteristics shows a nearly flat response, with a slightly 
increase, as the bias is further increased The photocurrent, however, starts to 
increase sharply again when the bias approaches to 8V. 
The photoresponse variation and tendency can be expressed more clearly in 
Fig. 6-7 and 6-8. Photocurrent against incident power level is plotted, under 
different bias from IV to 15V, in Fig. 6-7. A nearly straight line is obtained，which 
implies a linearly relationship between-the photocurrent and the incident power. 
The S.I. GaAs MSM photodetector shows a linear photoresponse under low 
incident level. It is observed that the slope of the straight line increases with the bias 
voltage. The responsivity under different incident power level is plotted in Fig. 6-8. 
Agree with the previous result, a nearly constant relationship is observed. The 
responsivity increases with the bias voltage. At IV bias, the responsivity is lower 
than 0.1. As the bias voltage is increased to 6V bias, the detector has the 
responsivity of 0.23. It corresponds to an quantum efficiency of 0.34. The 
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responsivity is observed to be greater than that at a sufficient high bias voltage. 
Biased at 15V, d.c. responsivity of 1.48 was obtained. 
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6.2.2 The Influence of Interdigitated Spacing on the MSM Photodetectors 
In this section, the effects of the interdigitated spacings on the MSM 
photodetector's performance will be studied. 
Comparison of MSM photodetectors with narrow interdigitated gaps (Photodetector 
；"’’V . . - • - . • “ “ . . . . . . '• “ • • . • . ‘ V _ : : . . . . ‘  . . . . . .. . : 
3B and 5By 
The S.I. GaAs MSM photodetector with 3jim interdigitated spacings is 
illuminated under the same laser diode for detector 5B. The transit signal 
waveforms are shown in Fig. 6-9. Similar to detector 5B, there is a long tail and 
ringings at the end of the signal waveforai. The ringings is also much serious at a 
higher voltage. The FWHM, rise time and fall time are 89ps, 62ps and 48ps for 5V, 
and 86.5ps, 61ps and 46.2ps for 10V bias. In comparison to detector 5B, the 
FWHM, rise time and fall time are slightly greater for detector 3B at both low bias 
voltage and high bias voltage. 
The comparison of the FWHM, rise time, fall time and ac amplitude for them 
are depicted in Fig. 6-10, 6-11，6-12" and 6-13 respectively. The dependence of 
FWHM of detector 3B is similar to that of detector 5B. Detector has a larger 
FWHM at a low bias, 0.95ps at 0.35V, and it decreases gently with the increasing 
voltage. (Fig. 6-10) Beyond 4V, the FWHM tends to saturate and lies within the 
range from 86.5ps to 90ps. Below 0.35V, the FWHM of detector 3B and 5B are 
approximately same. As the bias voltage is increased, the FWHM of detector 5B is 
shorter than detector 3B. In saturation condition, the FWHM of detector 3B is 87ps 
while that of detector 5B is 80ps. That results a FWHM difference of 7ps. 
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The rise time of detector 3B is nearly constant at all bias voltage except some 
II- . ； . 
mirror variation at low bias (Fig. 6-11). It has a rise time around 62ps, which is 
I _ . : . : : , ; . ” . “ , .,.' 
slightly greater than that with 5|im gaps(60ps). The difference is 2ps, Like FWHM 
I ； • 
I and rise time, the fall time tendency of the detector 3B is similar to detector 5B (Fig. 
If 6-12). The fall time drops rapidly at low bias. At a sufficient bias, around 5V, it 
starts to saturate to 47ps，which is about 5ps detector 5B (42ps). At bias below IV， 
however, the fall time of detector 3B is slightly smaller than that of detector 5B. 
I .. 
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The ac amplitude variation at different bias is shown is Fig. 6-14. There is a 
f rapid increase in the ac amplitude for detector 3B at bias voltage below 5V. After 
I that, the ac amplitude increases rather gently. A turning point is observed at 5V 
bias. The variation is similar to that with 5[xm gaps except that the turning point of 
the device 5B occurs at a higher bias voltage 10V. The turning point is 
. . . ‘ . . . 
corresponding to the saturation case. For all values of bias voltage, the ac amplitude 
: . . . . _ 、 . . . . .:.. . . . . . , . 
of the detector 3B is greater than that of device 5B. 
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With regard to the dc responsivity, the I-V characteristics for the devices 
with 3 jam gaps and 5}im gaps were measured under 5 l{aW incident power (Fig. 6-
; 14). The shape of the I-V curves of them are similar. There is a keen located around 
0.8V. A nearly flat response, with a slight increase, is observed when the bias 
voltage is further increased. However, the photoresponse begins to increase sharply 
as the bias voltage is increased beyond 7V. A nearly linear photoresponse is 
observed at a higher bias voltage. The photoresponse of the detector 3B is higher 
than that of detector 5B at different bias voltage. As shown in the Fig. 6-14, the 
deviation i s s m a l l within low bias voltage range. At bias voltage of 4V, the 
responsivity of 0.18 and 0.16 were measured for the detector 3B and 5B 
respectively. The deviation of responsivity, however, becomes larger as the bias 
voltage is increased to a higher value. It is found that the responsivity at 8V and 14V 
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are 0.52 and 1.87 for detector 3B} while it is 0.37 and 1.24 for detector 5B. The 
deviation of responsivity for them is increased from 0.15 to 0.63 as the bias voltage 
is increased from 8V to 40V. 
Comparison of Detectors with Wider Interdigitated Gaps (Photodetector 4A, 8A 
and 16A) 
To study the effect of wider interdigitated gaps on MSM device, we have 
fabricated metallization Pattern A on the same S.I. GaAs wafer. The experiment are 
carried out under the same condition as those for Pattern B. The typical dark current 
and signal waveform of the device with Pattern B are shown in Fig. 6-15a and 6-15b 
respectively. The device has a finger width of 8Jim, interdigitated gaps of 4|im, 
finger width of 52jj.m and active area of 56x56jam
2
. The keen is found around 0.7V 
and the dark current increases sharply below it. After that, the dark current continues 
to rise gently. Biased at IV and 10V, the dark current is measured to be 1.71nA and 
2.95nA respectively, which corresponds to a current density of 0.55pA/|im and 
0.94pA/|im
2
. The signal waveform obtained in detector 4A is shown in Fig. 6-14. It 
has a pulsewidth of 159ps, rise time of 75ps and fall time of 122ps under 10V bias. 
No serious effect is observed at the falling edge of the pulse. 
MSM photodetectors with interdigitated gaps of 4|im，8}im and I6[xm were 
tested to compare their FWHM, rise time, fall time, ac amplitude and dc 
responsivity. The FWHM of the three detectors are shown in Fig. 6-16. Detector 
4A has the shortest FWHM while detector 16A has the longest value. Generally, the 
FWHM is decreasing with the increasing bias voltage. For 4\xm gaps, the FWHM 
becomes saturated at 8V bias and the measured values lie around 120ps. Device with 
8}im gaps also show a similar FWHM tendency, but saturated condition is not 
observed within the range of applied voltage. FWHM around 15 Ops is measured in 
. • I ' 
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this case. For I6\im gaps, the tendency of FWHM is rather constant, which lies 
around 163ps. 
Figure 6-17 shows the rise time tendency. Similar to the FWHM, the rise 
time of detector 4A is the smallest. It is nearly constant at all bias voltages and the 
measured value is around 60ps. With 8p,m and 16jxm gaps, they have approximated 
values which fluctuate within the range from 70ps to 80ps. They are about 15ps 
longer than that of detector 4A. There is no decreasing or increasing tendency in the 
measured results. 
• N . : 
The fall time of the devices is shown in Fig. 6-18. Detector 16A has the 
longest fall time, while detector 4A has the shortest value. Below bias voltage of 5V， 
the fall time shows a decreasing tendency. After that, the fall time becomes 
f saturated. Detector 4A, 8A and 16A have measured fall time of 90ps, 122ps and 
135ps respectively at 10V bias. 
To compare responsivity of the three detectors, both ac amplitude and dc I-V 
characteristics are studied. The ac amplitude of the devices are plotted in Fig. 6-19. 
. T h e shape for detector 4A is different from that of others. It increases sharply at a .:. 
lower bias voltage and becomes saturated beyond 8V. For the detector 8A and 16A, 
the ac amplitude increase with the increasing bias voltage. The increasing rate of ac 
amplitude is much lower than that of 4 i^m gaps. No saturation are observed within 
the operation voltage. Detector 4A has the largest ac amplitude. The ac amplitude of 
detector 8 A is greater than detector 16A, 
Finally, we have the comparison of dc I-V characteristics under illumination 
as shown in Fig. 6-20. The results of detector 8A and 16A are similar in shape. The 
photoresponse for the device with 8}im gaps are greater than that with 16jim gaps. 
* ) . . ' . 
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The photoresponse for both devices increase with the increasing bias voltage and the J 
responsivity of detector 8A is higher. DC responsivities of0.06A/W at IV bias and , 
0.2A/W at 8V were obtained in detector 8A. The dc responsivities at IV and 8V for 
detector 16A are 0.02A/W and 0.07A/W respectively. Among the three detectors, 
detector 4A has the largest dc photoresponse. The I-V characteristics of detector 4A 
is different from that of others. It is mainly divided into three parts. At low bias, the 
photocurrent increase rapidly. There is a keen at bias voltage around 0.6V. The 
photoresponse increase slowly beyond the keen voltage. As the bias voltage 
approaches 7V, the dc photoresponse starts to increase sharply. The responsivity for 
the device with 4|am gaps are 0.11, 0.21 and 0.38 at the bias voltage of IV, 5Y and 
8V respectively. It is much greater than the devices with 8|im and \6\xm gap 
especially at a higher bias voltage. 
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Fig, 6-7 Photocurrent against incident power for detector 5B. 
5-11 
Responsivity (A/W) . . • : 
1^5' 15V 
1.4 “ ^ ^ 
1.3 — 
1.2" • :,.’ ' •、. •. - : .、 
1 . 1 
1 “‘ 
0.9 “ ‘ 
0.8_ • . • 
0：6： 一 ^ ^ ^ 1 0 V 
0.5 “ 
q . 4 _ . 二 - • —^  — 8V 
0:3
 - 一 a - ^ — (N 
0.2 “ ^ ： 4V 
0.1 _
 Q a 0 0
 -
 u
 — IV ；__I 
Q 4- 1 1~—I 1 1 -I 1
 1 1
 ‘ ’ 
0.5 1.5 2.5 3.5 4.5 5.5 
Incident Power (IOJI W) 
Fig. 6-8 Responsivity o f Device with 5fim gap. 
I ^^^ ^ ^ ： . I : : : 
Arb. units 0.03 1 // \ ,、 
� V : : , . 
n n l - 1 1 1 — I R - 1 R — ^ ~ I ！ ~ ~ ： ~ ‘ " 1 
" 9 . 8 8 9.9 9.92 9.94 9.96 9.98 
Time (10ns) 
Fig. 6-9 Signal waveform of Device with 3|nm gap biasd at (a) 5V and (b) 10V. 
. '
v
 h o t - — ~n 
「•.•—. ‘ •. ： 1 ...... . . . . . . . . . . . : . . . . . . • • ‘ 
. . : loo 
• — — ~ ~ — 4 




I:;:::::.:::.:::: . ” � 丨 I 
50- J 
a 1 p-~I 1 1 ！ 1 r ！ 1~-T ： I ' I 
o 2 ； 4 6 8 10 12 14 
Bias Voltage (V) 
Fig. 6-10 FWHM of device with (a) 3[im and (b) gaps. 
• .,6-12.1: 






： . S O " - 、 • � ： ： 
Time (ps) 40 “ 




« _) , , ！ 1 1 1 1 1 1 1 ‘ - 1 1 1 ‘ 
0 2 4 6 8 10 12 14 
Bias Voltage (V) 
Fig. 6-11 Rise time of device with (a) 3\im and (b) 5|im gaps. 
‘ • - . 
. . . . . . . . 、 . . : . 1 0 0 1 — ； ： ； “ ~ 
90 “ 
8 0 “ 
7 0
 \ 
6 0 广 ^ ^ _ ⑷ 
Time (ps)
 5 0

















： ： 1 
0 2 . 4 6 8 10 12 14 
Bias Voltage (V) 
Fig. 6-12 Fall time of device with (a) 3|im and (b) 5 jam gaps. 
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6.3 Data Analysis and Discussion 
6.3.1 Performance of the S.I. GaAs MSM Photodetectors 
In this project, high performance and simple structure S.I. GaAs MSM 
photodetectors have been fabricated. Those MSM photodetectors with 5|im 
I interdigitated gaps and metallization pattern B has the best performance. In view of 
the transit result of the detector, the saturated FWHM is found to be less than 80ps. 
Since the measured response time of the detector is a convolution of the laser source 
pulse width of 47ps ( T o p t ) , electrical equipment impulse response width and any 
.::.: ': . . . , . . ： . • “ 、 ：. . • 、 . . ‘ 1 . .. • : “ . . ‘ • ‘ .. . . .:. ， . . . . . • • 
timing jitter noise, the real response speed of our MSM photodetectors, T p h o t o d i o d e 
can be approximately evaluated by Equation(5-l): 
= 64.7ps 
The actual speed of the S.I. GaAs MSM photodetector, with 5jim interdigitated gaps 
and metallization pattern A, is hence less than 64.7ps. Substitute this result into 
Equation(5-2), where the 3dB bandwidth can be estimated from the FWHM of the 
detector, we have 
0 443 
3 dB bandwidth == •"二 6.8GHz. 
64.7ps 
A high speed performance with the 3dB bandwidth of 6.8GHz is achieved. The 
result is satisfactory for the fact that the 5jim wide gap limits the speed of the MSM 
photodetector. 
As mentioned in the previous chapter, the speed of a MSM photodetector is 
mainly limited by three factors including the recombination time，the RC time 
constant and the transit time. The recombination time for GaAs is in the order of 
5-17 
several ns, that is much greater than the FWHM of the photodetector. The 
photodetector is hence not recombination time limited. 
Using the technique of conformal mapping [Ref. 2-5], the theoretical 
capacitance for the S.I. MSM photodetector under fully-depleted condition can be 
calculated. Consider: 
interdigitated spacing, S = 5 jam-
metal finger width, W = 5 jam; 
dielectric constant, s = 13; 
we have K； = 3.1651，K1 二 6.33 and Co 二 6.24^2xl0-u‘ 
Since the total active area of the photodetector is 55|amx55|im? the 
‘ capacitance of the device is equal to 1.89xlO"
14
F. This value is approximately close 
to the experimental results where a capacitance of 2xlO"
14
F is measured. It implies 
that the GaAs structure has been fully depleted and the metallization pattern or the 
quality of the wafer do not introduce any extra capacitance into the photodetector. 
With the 50Q loading SMA connector, the RC time constant is found to be lps. That 
is much less than the detector speed of 64ps. Hence, the speed of the S.I. GaAs 
photodetector is not limited by the RC time constant. 
For a transit time limited MSM photodetector, the speed is basically 
determined by the width of depleted region, the internal electric field and the 
electrode separation. The GaAs MSM photodetector can achieve the fully depleted 
condition at a very low bias voltage because the GaAs wafer is semi-insulated. The 
semi-insulated structure contributes a very low doping concentration. To achieve the 
fully depleted condition, the bias voltage should be greater than the flat band voltage 
(Chapter 2). For a S.I. GaAs doping concentration N D of 〜1.5xl07cm-3 [Ref. 6-6] 
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and interdigitated gap of 5 jam, the corresponding flat band voltage is found to be 
0Equation(2-10)): 
V„n = — n~/5x 10 ) 
F B





Herice, the S I. GaAs MSM photodetector becomes fully depleted when the applied 
bias voltage is greater than 2.59x10-
7
V. It is indeed a very low value. This explains 
why we can obtain a satisfactory result when the S.I, GaAs MSM photodetector is 
biased at a very low voltage. FWHM of 93ps is found at IV bias and the ax. ； 
‘ . ； . •'•.、. “ * . . . • • . . . . . . , . . .. . . _. 
amplitude^ is sharp enough in comparison to the background noise. The semi-
insulated structure provides a flexibility for the MSM photodetector operating at a 
low voltage. It benefits the design of GEIC's. 
The electric field distribution within the MSM photodetector greatly depends 
on applied bias voltage and the spacing between the positive terminal and negative 
terminal. Taking a 1-D consideration, the electric field within the interdigitated gap 
is in the order of 10
4
 when we apply the bias voltage of a few volts to the MSM 
detector with 5 ^ interdigitated gap. The electric field is sufficiently high for the 
charge carriers to achieve its saturation velocity. Assume a 1-D geometry, the 
FWHM of a transit time limited MSM photodetector with fully depleted structure 
and saturated electron velocity of 6xl06Cms-l，is 42ps (Chapter 5). K is in the same 
order as the actual speed of 64ps. The two values are close to each others. The 
experimental results are satisfactory and reasonable when we consider structure of 
the detector. Since the GaAs wafer for our MSM photodetector has a thickness of 
600|am, the 1-D approximation model is not applicable in practice. The absorption 
coefficient for GaAs under 0.85fim wavelength optical illumination is l.OTjim-
1
. 
Substitute this value into Equation(5-0b), we found that only 88% of incident 
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‘photons can be absorbed by GaAs absorption layer with 2\xm thickness. Photons can 
thus penetrate deeply into the GaAs wafer. Both the electric field and the transit path 
for the charge carriers has a 2-D geometry. Hence, the electric field is smaller than 
that expected from the 1-D approximation. Similarly, the actual transit path for the 
charge carriers is longer than that estimated by the 1-D approximation. That results a 
longer transit time and hence a slower response speed. Furthermore, the saturated 
velocity for hole is 3xl0
6
cms-i [Ref. 6-7] which is slower than that for electrons. 
Besides, the deviation of two values may be due to the existence of a minor 
inductance of bonding wires to the package or the coaxial cable. It introduces an 
additional Jime constant [Ref. 6-8] to the photodetector. All these factors may reduce 
the speed of the detectors. We can conclude that the S.I.GaAs MSM photodetector is 
basically a transit time limited photodetector. 
With regard to the ac characteristics tendency of the detector biased at 
different voltage, the FWHM and the fall time decrease with the increasing bias and 
become saturated finally. The tendency is attributed to the electric field inside the 
detector, which increases with the bias voltage. That results a higher carrier drift 
velocity at a higher bias and give rise to a shorter transit time. At a sufficient high 
electric field, the velocity becomes saturated at 6xl0
6
cm/s. It explains,why the 
speed of the MSM photodetector becomes saturated at a high voltage. The a.c. 
amplitude also shows a saturation point around 10V. 
It is interesting that there is ringings observed at the end of the signal 
waveform. Such a phenomena has also been reported by Jian Lu [Ref. 6-9]. The 
observed ringings on the falling edge of the response may be due to the LRC circuit 
resonance effect. It may have some effects on the quantitative results. In general, 
there is a long tail on the falling edge of the response signal. The long tail is mainly 
attributed to the hole carriers which have a lower mobility. The hole drift velocity is 
5-20 
i 1^ ¾
 ;：'• :.:、: .‘ ::.:. ,’’. ‘ 二： . . . . . . . 
I
 1 1 广:‘、；:,'V- ‘ ,、 . i V :、i ‘ • :: ,. . • ‘ • . . 、 ./ » 
I ‘ : , : . . ： — 。 : . : : ， : . . . . ： - , 
I R ； ) ‘ 
.lower than that of electrons under the same electric field; The appearance of the 
I • . 
ringings dominate the pulse shape and the long tail is hidden. Observed from the 
response pulses biased at different voltages, the ringings effect become more 
significant at a higher voltage. It implies that the LRC circuit resonance increases 
with the bias voltage. 
I :: 
The dark current of the S.I. GaAs MSM photodetector. with 5jam 
. 
f interdigitated gap^ and 55\im active area is 550pA at 1Y bias and 2.15mA at 10V 
bias. The value is comparable to that of AlGaAs/GaAs PIN photodiode [Ref. 6-10]. 
The low dark current is mainly due to the high Schottky barrier height, semi-
insulated semiconductor structure and the small contact area. The Schottky barrier 
height for Au and GaAs is 0.8eV [Ref. 6-11]. It is high enough to prevent from the 
. . . 
leakage current of the MSM detector. The semi-insulated semiconductor structure 
also benefit a low dark current because its carrier concentration is low. The typical 









 for the most of the slightly doped semiconductor 
material. Finally, the design of the detector with metallization pattern A contributes 
a small metal semi-conductor contact area that reduces the dark current. 
The S.I. GaAs MSM photodetector shows a linear photoresponse as a 
function of the incident power for low optical intensity. At a fixed bias voltage, the 
d.c. responsivity is almost intensity independent for the optical power below 51p,W. 
In practice, a constant photoresponsivity for different value of incident power is 
desired for photodetector operation. The S.I. GaAs MSM photodetector satisfies this 
requirement at low intensities. However, the photodetector is observed to be bias 
voltage dependent. The phenomena is commonly reported for GaAs MSM. 
photodetector [Ref. 6^12,13,14,15]. Similar to the InGaAs MSM photodetector, a 
keen voltage around 0.8V is observed. The photocurrent increases rapidly at a bias 
5-21 
below the keen voltage. Beyond it, the photocurrent rises gently with the increasing 
bias voltage. It is believed to be the saturation condition. The photocurrent, however, 
starts to rise rapidly again at a high bias voltage around 8V. The shape of the I-V 
characteristics is different from that of InGaAs at a high bias voltage. The 
phenomena is mainly attributed to the large internal gain for the GaAs MSM 
；: photodetector. It can be confirmed by studying the d.c. responsivity of the detector 
for different bias voltage as shown in Fig. 6-8. The higher the bias voltage, the 
greater the d.c. responsivity. DC responsivity of 0.36, 0.58 and 1.48 were found at 
: the bias voltage of 8V, 10V and 15V. This corresponds to an internal quantum 
efficiency v greater than 100%/Consider the interdigitated pattern of the detector, 
only 50% of the incident light can be absorbed by the detector due to the finger 
shadowing effect. The reflectivity of the GaAs for 0.85p.m is 0.3 [Ref, 6-16]. Hence, 
the maximum external quantum efficiency is evaluated to be (Equation(5-t® 
f i i鎮=(1 一 03)(50%) = 035 
where we neglect the factor of the absorption depth because the GaAs wafer has a 
thickness around 600|im. The absorption coefficient of GaAs for optical sources 
with wavelength 850|im is 1 . 07^ -
1
 [Ref. 6-17]. Over 99% of incident light will be 
absorbed within 5jim thickness, that is much smaller than the thickness of the wafer. 
— For a MSM photodetector with an internal quantum efficiency of 100%, the 
corresponding responsivity should be (Equation(2-34)) 
』 =(035)(0.85) = a 2 4 A / w . 
1.24 
An internal gain exists whenever the measured responsivity is greater than this 
value. It happens in our case for the bias greater than IV. 
The cause of internal gain is different for GaAs and InGaAs MSM 
photodetectors. For InGaAs MSM photodetector, the internal gain is mainly 
attributed to the charge piles up at the interface between the absorption layer and the 
• • I • • . . • • ,‘ ,.. .、‘ 
6-22 
々Schottky barrier height enhancement layer. For a GaAs MSM photodetector, 
however, the internal gain has been attributed to the traps at interface between 
electrodes and GaAs wafer and also the air interface [Ref. 6-10，12,13]. That results 
in a trap-induced leakage current across the electrodes. There are two reasons for the 
existence of the traps. The quality of the semiconductor materials is a main factor. 
Since our S.I. GaAs wafer is a semiconductor material for substrate purpose, the 
quality of the top surface is worse. That may introduce a number of traps at the 
surface as those mentioned in Chapter 5. It is believed that the internal gain can be 
greatly reduced if a GaAs absorption thin layer is grown on the GaAs substrate by an 
, . . . • . . . . . . ... ‘ , • . . ..‘••..-;、 
advanced material growing technique such as MOCVD, MBE, etc. Another possible 
reason is the difference in transit speeds between electrons and holes [Ref. 6-18] 
since electrons transit with a higher velocity, they reach the anode earlier. That leads 
to an accumulation of holes at the cathode. The dense positive charges near the 
1>V ’ ‘ ‘ 
electrode increase the tunneling current and thermionic-emission currents across the 
modified barrier. That results an internal gain. 
6.3.2 Performance Comparison of the Device with Different Interdigitated Spacings 
To compare the effects of interdigitated spacings on the MSM 
• . • • . ‘ ‘ • • 
photodetector、performance, we have used two metallization patterns. Pattern A is 
used to compare the effect of a large interdigitated spacings of 4jim，8|im and 16|im, 
while pattern B is used to compare the effect of a smaller interdigitated spacings of 3 
jam and 5\xm. Since the design of two patterns are different, it is difficult to compare 
them altogether. 
We first focus on the results of pattern B. The a.c. amplitude for the 3 jam gap 
is greater than that for 5jam gap. The result is reasonable when we consider the 
shorter transit path introduced by the 3|im interdigitated gaps. However, there are 
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some special results when we compare the FWHM, fall time and rise time. As 
I mentioned before, the S.I. GaAs MSM photodetector is transit-time limited. For a 
transit-time limited MSM photodetector, the speed will be faster for a device with 
smaller interdigitated spacings, which leads to a shorter transit path and a stronger 
electric field strength. Hence, the transit time should be shorter. It is observed that, 
in our experiment, the rise time and fall time of the detector 5B is slightly greater 
than that with of detector 3B. The deconvoluted FWHM for the photodetectors 5B is 
found to be 64ps,-while it is 73ps for photodetector 3B. The difference is 9ps. The 
presence of internal gain is believed to cause a negative effect on the speed of the 
V MSM photodetector, the detector speed is hence limited. Similar observation has 
also been reported for InGaAs MSM photodetector [Ref. 6-19] where the response 
speed for 4|im interdigitated gaps is higher than that for the 3jim gap. Since a large 
amount of charge carriers pile up at the interface between GaAs and the electrode, it 
leads to a current leakage with longer carrier lifetime. The detector response speed is 
hence slowed down. This explains why the FWHM, rise time and fall time are 
longer for 3jim interdigitated gaps. • 
Observed from the I-V characteristic in Fig. 6-14, the photoresponse for the 
detector 3B is greater than that of detector 5B at the same bias voltage and incident 
optical power. At a higher bias voltage, the difference between the photoresponse 
for the two detectors are greater. It implies that the detector 3B has a larger internal 
gain especially at higher voltage. Biased at 15V, the responsivities for the MSM 
photodetector 3B and 5B are 1.87 and 1.24 respectively. They are much greater than 
one. Since the mechanism of the internal gains has a negative influence on the speed 
performance of the MSM photodetector, the speed of the photodetector 3B may be 
greatly reduced. As a result，a larger FWHM, rise time and fall time were measured. 
A higher internal gain observed in the MSM photodetector with smaller gaps may be 
due to then presence of a stronger electric field strength inside the photodetector. It 
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is because the internal gain increase with the increasing bias voltage (Fig. 6-14) and 
heiice the increasing electric field strength. 
Learned from the above experimental results, we should consider both the 
interdigitated spacing and the quality of the semiconductor material simultaneously 
when we produce a MSM photodetector. Due to the presence of internal gain, a 
., . V . .. • . ^ . . • " . .. : . .. ., . 
small interdigitated gaps cannot ensure a higher response speed. An advanced 
material growing and fabrication techniques are necessary for producing a high 
speed MSM photodetectors. 
, . : . . . 、 ‘ " . • ; 
For the comparison of larger interdigitated gaps, we first focus on the basic 
characteristics of the MSM photodetector using the pattern A. The dark current of 
pattern A is greater than that of pattern B. The result is attributed to the large metal 
contact area and the ground plane of pattern A, which enlarge the interface area 
between metal and GaAs. The response speed is also slower for the photodetector 
with pattern A. It is believed that- the large metal contact area for pattern A 
introduces a route for the signal dispersion. Furthermore, pattern B has been 
designed to have impedance matching at the metal contact area, whereas no such 
consideration is included in pattern A. That may lead to an impedance mis-matching 
problem at the contact. Hence, FWHM, rise time and fall time are larger for the 
MSM photodetector with pattern A . 、 
In the comparison of different S.I. GaAs MSM photodetectors using pattern 
A, reasonable results for the transit signal are obtained. The a.c. amplitude increases 
with decreasing interdigitated gaps because a longer transit path is introduced by a 
wider gap. It is also observed that the FWHM, rise time and fall time of the 
photodetectors are shorter for a narrower gap. The results are normal because the 
detectors with smaller interdigitated spacing provide a shorter carrier transit path and 
5-25 
a stronger electric field. The speed is hence increased. Since there is a large 
difference between the width of interdigitated gaps for the above three 
photodetectors, the internal gain effect is less important for the detectors with 
pattern A. In tMs case, the transit path factor dominates the result and the internal 
gain effect is hidden. 
However, the d.c. I-V characteristics for the pattern A shows an abnormal 
丨等.-.1 - • '：. . . . . . . / •“ “‘ ..,,. 
result. Since the devices with pattern A have same metal finger width of 8|im, the 
, . .. 
photoresponses depend only on the width of the interdigitated gap. A wider 
interdigitated gap gives rise to a larger photoresponse under the same optical power 
because the fraction of the finger shadowing area is comparative small for a 
narrower gaps. Hence, we expect that the d.c. photoresponse increases with the 
increasing width of interdigitated gaps. The experimental results, however, contrast 
to the expectation. The MSM photodetector with 4jim gaps has the greatest 
responsivity, while those with 16jim gaps have the smallest responsivity. 
The recombination of charge carriers within the semiconductor material is 
the most possible reason to explain the above observation. Indeed, the d.c. 
responsivities of the S.I. GaAs MSM photodetectors is rather low at a bias voltage 
beyond the keen voltage. It was found that the responsivities for the detector with 
m，8jim and 16p.m are 0.18，0.13 and 0.04 respectively at a bias voltage of 4V.'The 
results are different from the theoretical values. Using Equation(5-7), the maximum 
quantum efficiencies should be 0.23，0.35, 0.47 and the corresponding maximum 
responsivity are 0.16，0.24 and 0.32 for the detectors with spacing of 4jim, and 
16|im respectively. The experimental result is reasonable for 8jim gaps and internal 
gain is believed to dominate the result for 4|am gaps. The low photo-responsivity for 
16jim gaps is mainly attributed to the recombination effect. Several recombination 
mechanisms have been found in GaAs, They are radiative process, Auger process, 
麵：纖:.::.力 6-26 
w '.::，. J'.,: 
the Hall-Shockey-Read mechanism, and etc. [Ref. 6-20, 21]- The recombination 
phenomena definitely reduce the photo-response of the detector. The longer the 
carrier transit path, the higher the recombination possibility. Hence, the d.c. 
responsivity may be lower if the gaps are too wide. The recombination is an 
important factor to determine the responsivity of a MSM photodetector. The design 
of using a wider interdigitated gaps for MSM photodetector may not be a good 
selection for increasing the d.c, responsivity. In order to increase the d.c. response, it 
may be better to design a MSM photodetector with a higher ratio of interdigitated 
spacings to the metal finger width. 
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6.4 Summary 
We have successfully fabricated a high performance S.L GaAs interdigitated 
MSM photodetector with 5jam metal finger width and gaps. The detector has a low 
dark current of 0.55nA at 1Y bias and low capacitance of 2xlO"
14
F. The 
deconvoluted FWHM is 64.7ps, which corresponds to a 3-dB bandwidth of 6.8GHz. 
An acceptable performance is also obtained at a bias voltage below IV, that benefits 
the design flexibility in OEIC's. The dc responsivity is found to be greater than one 
due to the presence of internal gain in the GaAs photodetector. The detector has a 
satisfactory result in the speed performance and photo-responsivity. 
To achieve the best performance for the MSM photodetector, we have 
studied the influence of the interdigitated gaps spacing on the speed and 
responsivity. Two metallization pattern A and B have been designed. For pattern B 
(3|j,m and 5\xm gaps), the a.c. and d.c. responsivity of the detector with smaller gaps 
is higher. However, abnormal result in detector speed is observed. The FWHM, rise 
time and fall time are longer for detector with narrower gaps. This may be attributed 
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to the presence of the internal gain which causes a negative effect on the speed 
p： ；' ' , - . . . . . . ‘ 
. . •  performance of MSM photodetectors. 
. JX ... . 
In the measurement of detector with wider spacings (pattern A), the speed of 
the detector increases with the decreasing gap width, It is reasonable for a transit-
time limited MSM photodetector. With same metal finger width, the responsivity for 
the detector with wider gaps is observed to be smaller. The result implies that carrier 
recombination becomes significant if the spacing between two electrodes are too 
large. 
- . . . • • . , . 丨 • 
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To conclude, a smaller interdigitated gaps cannot ensure a high speed 
performance if the internal gain exist，while a wider interdigitated spacing cannot 
I"： :. . 卞. . . . . . .、 . 
provide a high photo-responsivity. The interdigitated MSM photodetector can 
achieve good performance in speed and responsivity only if it has a high quality 
wafer, small inerdigitated gap and a high ratio of gaps spacing to the finger width. 
' r ' . • • . . . , - . . . . . . . . . . . . 
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I Chapter 7 Optical Control of Polarity in Short Electrical Pulses 
I Generated from Coplanar Waveguide MSM 
Photodetectors 
7.1 General Description 
•. -
 1
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In the past decade, there were extensive investigations on the optoelectronics 
I ^ 
generation of ultrashort electrical pulse in transmission line structures [Ref. 7-1,2]. 
Asymmetric excitation of signal pulses from coplanar strip lines deposited on 
.silicon-oil sapphire have been demonstrated by Krokel et. al. [Ref. 7-3] Sano et. al. 
also developed an impedance mismatch structure to tailor the shape of the electrical 
pulses [Ref. 7-4]. The above techniques aim at providing additional freedom to 
control the pulse width of^  a electrical pulses. In this part, we develop a simple 
technique to control the sign of electrical pulses. The structure of incorporating a 
coplanar waveguide transmission lines to a metal-semiconductor-metal (MSM) 
photodetector on a semi-insulated GaAs material is used. It has been frequently 
applied to facilitate high speed measurements by photoconductive and electro-optic 
sampling techniques [Ref. 7-5]. A high flexibility to manipulate the output pulses by 
optical control has been given from our work without changing the input electrical 
bias. Optical switching of polarity can be achieved with a wide range of signal 
amplitudes and pulses widths. Different electrical output pulse characteristics can be 
controlled to provide an promising method for pulse shaping and for quenching the 
electrical signal. 
7.2 Structure, Fabrication and Experimental Set-Up 
To prepare the sample for out work，a thin layer of 2000A gold was 
deposited on semi-insulating GaAs using thermal evaporation, contact photography 
and standard lift-off technique, The interdigitated MSM photodetector consists of 
five metal fingers with 8|im width, 4jam spacing and 52}im length. The total active 
2-1 
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are of the photodiode is 56x56iim
2
. The MSM structure is incorporated in a coplanar 
waveguide transmission line with a characteristic impedance close to 50Q. The 
I. • , • 
center transmission line has a width of 56jam. Two ground planes are located at 
1 - . . . . . 
opposite side spaced at 25pm from the photodetector and the center transmission 
line. The main device structure is illustrated in Fig. 7-1, The device is mounted on 
• 
print circuit board using silver paint which also provide a electrical route for 
transmitting the output signal to external. 
I , 
In the experiment, the optical source was a pulsed semiconductor laser with 
- • . . . . ',, . .s •. • • » ^ ‘ 
wavelength of 0.85|im. It has a pulse width of 47 ps and a repetition rate of 50 MHz. 
I , . . . . 
The output light was coupled to a multi-mode fiber, and was finally focused to a size 
I • 
of about 50x50 jim
2
 using .a 20x microscope objective lens. The average incident 
power was measured to be 57 \iW. The package of the device was mounted on a 3-
dimensional translation stage. A precise resolution of 1 micron can be achieved by 
‘‘； 墨 
using a stepping motor to control the movement of the device. Electrical output from 
the detector electrode was connected through the coplanar waveguide to a 
microwave bias tee. In the initial stage, the dc component of the bias tee was 
connected to-a lock-in amplifier to facilitate the optical alignment procedure. And 
the- ac signal was measured using a Tektronix CSA 803 digital sampling 
oscilloscope through a SD-26 sampling head with a frequency bandwidth of 20 
GHz. 
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F i a 7.1 Schematic illustration of the coplanar waveguide MSM photodetector. The shaded circle 
represents the optical beam spot and the arrow indicates its direction of movement. 
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7.3 Experimental Results 
Both positive and negative pulses can be generated respectively whenever 
different portions of the device were illuminated. A relatively large dc bias voltage 
of 25V was applied across the bias electrode and the ground to ensure that a 
reasonable signal level can be produced as theoretical input pulse energy is only 
l . lpj. The laser beam spot was first aligned to focus on the active area of the MSM 
detector. After that, it can be moved in one dimension only to generate positive and 
negative pulses. The photodetector was displaced with respect to the beam spot in a 
direction perpendicular to the ground planes as shown in Fig. 7-1. It should be noted 
that the electrode with the outermost fingers was served as the detector electrode 
while the other was the bias electrode. That means, the detector electrode is the 
electrode that with 3 fingers and the bias electrode is that with two fingers as 
illustrated in Fig. 7-1 • Otherwise, negative output signal can be obtained only if the 
device was displaced in two dimension simultaneously. 
As the laser beam was focused on different location from the active area of 
the MSM detector to the wide spacing between the detector electrode and the ground 
plane, output pluses waveform with different sign, amplitude and pulsewidth were 
observed. The output signal waveform at different displacements are displayed in 
- ‘ .. ..
 1  
Fig. 7-2. For the positive signal, an optimum result is generated whenever the whole 
active area of the detector was incident by the beam spot. The positive signal has an 
amplitude of 8.5 mV and a full width at half maximum of about 155ps as shown in 
curve (a). The interdigitated gap was then moved away from the beam spot such that 
small fraction of the light beam was focused on the spacing between the electrodes 
and the ground plane, while the remaining part of the light was still incident on the 
active areas of the detector. The amplitude of the output signal was reduced 
accordingly (curve b). As the separation between the interdigital gap and the beam 
spot was continuous to increase, the output signal was further reduced. At a certain 
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displacement, the positive output signal was reduced to minimum, (curve c). An 
interesting result was observed when the interdigital gap was further displaced with 
respect to the beam spot. Shortly after the appearance of the minimum positive 
signal, the sign of the ac signal changed from positive to negative. In the initial 
stage, the amplitude of the negative pulse was relatively small (curve d). As the 
photodetector was further displaced, a large potion of laser beam was incident on the 
wide gap between the electrode and the ground plane and only a small fraction of the 
beam was： still focused on the active area of the MSM detector. The amplitude of the 
negative signal continue to increase as the device was further displaced. It is shown 
by curve (e). Similar to the positive signal, there is an optimum positive for negative 
signal at which maximum negative signal was observed. An amplitude and pulse 
width of 8.5 mV and 150 ps were found in the optimum negative signal as 
illuminated by curve f. Beyond the optimum position, the negative signal was 
reduced again as the device is further displaced. Finally, the negative signal 
disappear as the light beam was focused on the ground plane of the device. 
Similar results were also obtained if the device was displaced in a opposite 
direction from the active area. It is the condition when the spacing between the 
electrode and another ground plane being illuminated by- the beam spot for the 
device with five metal fingers. For a device with four interdigitated metal fingers, 
both bias electrode and detector electrode have an outermost metal finger 
respectively. Negative signal were obtained only if the light beam was focused on 
the spacing between the outermost fingers of the detected electrode and the ground 
plane. 
Whenever the laser beam spot was focused on different position of the 
device，different shape of pulse waveform were observed as stated above. The 
dependence of the pulse amplitude and width on the beam spot position is plotted in 
5-5 
Fig. 7-3 . With respect to the photodetector displacement on both sides, the results on 
pluses width and amplitude are rather symmetricaL At the scale reading of BOjam, 
the beam spot is believed to be focused near the interdigital active area. As the beam 
was displaced far from the active area, the amplitude of the positive signal was 
reduced further. There is a range of the position that the magnitude of the positive 
and negative signals are relatively small in comparison to ringings, where the 
pulsewidth is difficult to be measured by the equipment. No pulsewidth reading can 
be measured within this range. The amplitude of the negative signal increase to a 
maximum and then decreases again as the beam spot is further displaced. Two 
negative-maxima were observed with a separation of lOO^m. They were obtained 
when light was focused at 3\xm from the respective ground plane. The pulse width of 
the negative signal was quite constant when the beam was focused near the ground 
planes. As the beam was moved gradually towards the interdigital active area, there 
is a small reduction in the pulse width. The negative signals have values within the 
range from 120ps to 160ps. 
For a MSM photodetector, the magnitude of pulse width and amplitude 
greatly depends on the bias voltage, Fig. 7-4 illustrates the variation of the pulse 
width and amplitude on the bias voltage for both the positive and negative maximum 
signals. It should be noted that the voltage readings on the horizontal axis are those 
values applied across the bias electrode and the ground plane. It does not represent 
the voltage applied across the bias electrode and the detector electrode. The pulse 
width of the positive signal decrease rapidly with the bias voltage at bias below 20V 
(Fig. 7-4). Beyond a higher bias voltage of 24V, the pulse width of the positive 
signal decrease gently. It is quite different from that of negative signal. The negative 
signal decrease slowly at low bias and nearly reaches a limiting value at a higher 
bias. Within the working range of the bias voltage, the pulse width of negative pulse 
is shorter than that of the positive pulse. Furthermore, the pulse width of the 
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negative pulse saturates at a lower bias near 24V, whereas the positive signal 
saturates at a bias greater than 30V. As the bias is increasing, the pulse width of 
positive is closer to the negative signal. 
The negative signal amplitude also shows a saturating bias dependence near 
24V as shown in Fig. 7-4. On the other hand, the positive amplitude does not 
saturate with the range of our applied bias. The results are consistent with the pulse 
width dependence on bias voltage. At a low bias, say below 16V，the amplitude 
increases gently. It increases rapidly as the bias is further increased. Such a tendency 
• is also observed for negative signal, but it appears at a lower bias. The magnitude of 
positive amplitude is smaller than that of negative amplitude at a low bias. They 
become closer as the bias is increased to 22V. Around 25V, there is an intersection 
for the two signals indicating that they have same amplitude. The positive amplitude 
is greater than the negative amplitude as the bias is further increased. With the 
detector electrode connected to the ground, characteristics of the output electrical 
pulses were also measured. It can be done by connecting the dc component of the 
bias-tee to ground. The performance of the interdigitated MSM detector itself can be 
evaluated by this arrangement. Whenever the light was focused on the active area, 
the pulse amplitude increase and the pulse width decrease with the bias voltage and 
saturates at around 12V. The electrical signal exhibited saturating response with a 
positive amplitude of 15 mV and a pulse width of 120ps. The response was a bit 
faster than that of the negative pulse, which has a saturating pulse width of 132ps. 
We also measure the fraction of voltage across the interdigital gap as a function of 
applied bias when the detector electrode was kept at floating potential. There is a 
slight increase from 1/6 to 1/5 with bias up to 30V. 
To switch the sign of an output electrical signal, we can simply change the 
polarity of the applied bias. As the polarity of the bias voltage was reversed, the sign 
;^
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of the maximum signal was observed to be inverted. Unfortunately, the pulse 
amplitude decreased. With the optics alignment being rearranged, the signal 
amplitude could be restored to its original value. Hence, a good quality of polarity 
switching cannot be done only by purely electrical method. 
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Fi。7-2 O u t p u t electrical signals at different separation between the beam spot and the interdigital gap: 
(a)°Ojim, (b) 25刚，(c)30|im,(d) 35^m, (e)40^m, (f) 55^m. 
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7.4 Data Analysis and Discussion 
The observation of the negative pulse (Fig. 7-2) is mainly attributed to the 
induced bias voltage on the detector electrode. The dc potential of the detector 
electrode was keeping in the floating condition during the experiment. Since there is 
finite resistance in the gap between the interdigital metal fingers, and the spacing 
areas between the ground planes and electrode, potential sharing occurs. Whenever a 
voltage is applied at the bias electrode, there are potential drops across the bias 
electrode and the ground planes, the bias electrode and detector electrode，and the 
detector electrode and the ground planes. Voltage is induced on the detector 
electrode as there is no de path for the induced voltage. The sum of the voltage drop 
across two terminals, and the spacing between the detector electrode and the ground 
plane, and the interdigital gaps are equal to the external bias voltage. In practice, we 
apply about 25V to the bias electrode to measure the potential distribution. 
Measured by an electrometer, the potential difference across the interdigital 
electrodes was 5V, whereas that across the detector electrode and the ground plane 
was 20V. The applied voltage is shared unevenly among the electrode and ground 
plane due to the difference in the resistance values. Since the interdigital electrodes 
consist of many fingers in parallel, smaller contact and bulk resistance is resulted, 
- Furthermore, the distance between the interdigital electrode fingers (4{im) are much 
smaller than that between the electrodes and the ground planes (25jim)，a large 
portion of bias voltage hence drop across the spacing between electrode and ground 
plane. The induced voltage in the detector electrode plays an important role in 
determining the sign, the pulse width and the amplitude of the output signal. 
A positive output signal is generated whenever the laser is focused onto the 
a c t i v e area of the interdigital MSM photodetector. The bias voltage provide a 
electric field to drift the photogenerated holes and electrons to the detector electrode 
and the bias electrode respectively. The amplitude of the positive signal definitely 
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depends on the portion of the active area being illuminated by the laser beam. 
Hence, as the interdigital gap is displaced from the laser beam, the positive signal is 
reduced as shown from curve a to curve b of Fig. 7-2. A negative pulse signal is 
given as the interdigital gaps is displaced far from the laser beam. It is because the 
photo-generated carriers site has been shifted to the spacing area between the 
electrodes and the ground plane. Although the detector electrode is negatively biased 
with respect to the bias electrode, it is still positively biased with respect to the 
ground plane. As a result, electric field is created within this space region. As the 
spacing is being illuminated, photogenerated electrons and holes are swept to the 
detector electrode and the ground plane respectively. This explains why a negative 
signal is obtained in the detector electrode. 
It is found that the positive maximum has comparable magnitude to the 
negative maximum although there is a relatively large potential difference between 
the detector electrode and the ground plane. This is mainly attributed to a relative 
large spacing of 25|ini between the electrode and the ground plane, as compared to a 
width of 4pm across the interdigital gap. A larger spacing cause a longer transit path 
f o r the generating carriers and enhance the recombination probability. In addition, 
the active area of the MSM detector consists of several interdigital gaps with same 
^ width, whereas only one wide spacing exist between the ground plane and the 
electrodes. That results in an increase in the amplitude of the positive signal. 
Whenever the interdigital gaps and the spacing area between the electrodes and the 
ground plane are both illuminated by the laser beam, holes are drift from the gaps to 
the detector electrode, while photogenerated electrons are drift from the spacing 
areas to electrode. This contributes to the overlapping of a positive and a negative 
signals at the detector electrode. The ringings in curve (c) and (d) of Fig. 7-2 are the 
results of the overlapping phenomena. It should be noted that for the detector with 5 
metal fingers, no negative pulse will be observed if the detector electrode and the 
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bias electrode are exchanged with each other. It is because electrons generated 
within the spacing areas will be collected by outermost fingers of the bias electrode 
in that case. Hence, careful inspection is required for the output of a negative signal. 
It is observed that the induced bias on the detector electrode will be affected 
by the illumination site. As the structure is illuminated by the light beam, there is a 
change in its dc resistance and photocurrent generated from the device. An increase 
of 3.8 volts was observed with the light being focused on the interdigital gaps. 
Similarly, relatively large reduction of the induced bias should be observed if the 
beam is focused on the spacing areas between the electrode and the ground planes. 
However, the induced bias was reduced by one volt only when the light was focused 
on the optimum position for negative maximum signal. The main reason is that there 
may be still some of the light illuminating the interdigital gaps, Photocurrent are 
hence generated across the ground planes and the electrodes. As a result，the 
reduction on the induced bias is smaller. 
With respect to the photodetector displacement on both sides, symmetrical 
results on the dependence of the pulse amplitude and width on the beam spot 
location is obtained (Fig. 7-3), This is mainly attributed to the symmetrical structure 
0 f the device and the five metal fingers of the MSM detector. For the photogenerated 
carriers within the spacing between the detector electrode and the ground plane, the 
positive biased detector electrode is served as the anode while the ground plane is 
served as the cathode,. It is observed that the separation between the two negative 
maximum signal is lOOjim. considering the sum of two spacing width of 25 jam 
between the electrode and the ground plane, and the total width of 56{am across 
s e v e r a l interdigital gaps, the negative maximum results are obtained when the light 
was focused at 3 i^m from the cathode. 
The illumination location for optimum signal is affected by the electric field 
distribution in the structure and carrier injection from the contacts [Ref. 7-6]. There 
is a small reduction in the pulse width of the negative signal as the beam was moved 
towards the interdigital gap. In that case, part of the interdigital gaps is illustrated 
due to the large size of the laser beam. A small positive signal is generated by the 
photo-generated carriers within the gap. The larger negative signal is hence 
superimposed by this positive signal and results in a reduction in the width of the 
pulses [Ref. 7-7]. As the laser beam is closer to the interdigital gap, the magnitude of 
the positive signal become comparable to the negative signal. The overlapping of the 
t positive and negative signals introduce the ringing part to the output signal. When 
the magnitude of the resultant signal is not sufficient large, the pulse width of the 
output signal cannot be measured due to the influence of the ringings. It explains 
why there is no pulse width reading within the range where the sign of output signal 
is changed. 
The dependence of the pulse width and amplitude on the bias voltage for 
positive and the negative maximum signals (Fig. 7-4) are explained here. The main 
factor is that only a small value voltage appear across the interdigital gap although a 
. . . . 
large bias voltage is applied at the bias electrode. There is a reduction in the pulse 
width of positive and negative signals as the bias voltage is increasing. Photo-
generated carriers are drift to the metal electrodes at a higher sweeping rate as 
electric field is increasing within the semiconductor. It results in a shorter transit 
time and hence a smaller pulsewidth. At lower bias, the external applied voltage is 
used to deplete the semiconductor. The sudden decrease in the pulsewidth of the 
positive signal is due to the rapid increase of the depletion volume at the lower bias. 
A s bias is increased, the semiconductor become fiilly depleted. The pulse width 
continued to decrease as it depends on the carriers velocity which is proportional to 
the electric field within the depleted region. At a sufficient electric field, that means 
5-14 
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. a sufficient bias voltage, tHe photogenerated carriers achieve the saturation velocities 
and the pulse width is reduced to a minimum value depending on the carriers transit 
time, the RC time constant and the system response. 
The saturation condition is observed for the negative pulsewidth at a higher 
bias. Other than the velocity factor, the carrier transit time also depends on the 
carrier transit path. Although the spacing between the electrode and the ground plane 
are much greater than the gap between the interdigital metal fingers, the pulsewidth 
of negative signal are shorter than that of positive signal in the operation range of 
： bias voltage. In addition, the negative pulse achieve the saturation condition at a 
relatively lower bias. It is mainly attributed to the fact that a large fraction of the 
bias voltage appear across the detector electrode and the ground plane. For a MSM 
photodetector, most bias voltage drops across the reverse bias depleted region. 
Considering the negative signal, the large potential drops across the spacing between 
the detector electrode and the ground plane ensures a fully depleted region within 
the spacings. It also provides a sufficient electric field to drift the carriers at a high 
rate. For the positive pulse, however, the above condition is achieved only at a very 
large bias voltage, remember that the actual potential difference between the 
interdigital gap is only a small fraction of the applied bias voltage. It is expected that 
the pulse width of the positive pulses will be shorter than that of negative pulse if 
the bias voltage is large enough. However, the working bias is limited by the 
breakdown voltage which is close to 30V for our device. 
The positive and negative pulse amplitude increase with increasing bias 
because the peak photocurrent increase with bias until the saturation is achieved. At 
a bias around 18V, there is a point at which the tendency of positive amplitude 
change from a gentle increase to a sudden sharp increase. It is because the 
semiconductor has achieved the flat band condition at the forward biased metal 
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contact. After that, the further increase of bias voltage can enhance the electric field 
within the interdigitated gaps. Such a point is also found in negative pulse, but at a 
lower bias. Similar to that of pulse width, the negative signal amplitude shows a 
saturating bias dependence whereas the positive signal does not The result is 
reasonable in the consistency of the pulse width and amplitude biased dependence 
because the dependence of photocurrent on bias voltage is also caused by the large 
difference in the actual voltage drop across the bias electrode, detector electrode and 
the ground plane. It explains why the positive amplitude is smaller than the negative 
amplitude at low bias. However, at a sufficient high bias, the positive amplitude 
...... ' ' , ... . ‘' . . . . . . . . . . •' ' • " • 
becomes greater than the negative amplitude due to the multi-interdigital gaps with a 
small width of4|j,m that leads to a larger peak current. A crossover is found around 
25 V bias voltage, where "approximate magnitude for positive and negative signals 
are obtained. It is the condition for us to investigate the sign change of output signal 
sign. 
To evaluate the saturation- characteristics for the interdigital MSM 
photodetector, measurement were also taken by connecting the detector electrode to 
the ground. In this case, all applied bias voltage drops across the two electrodes. 
Hence, the detected positive signal has a large amplitude and small pulse width even 
at a low bias With bias of 12V, the applied voltage is sufficient large to provide a 
large electric field that drift all carriers transited at its saturation velocity. In 
comparison to negative pulse amplitude of llOmV and pulse width of 132ps, the 
positive signal has a larger amplitude (150mV) and smaller pulse width (120ps) at 
saturated condition because of a smaller transit time of carriers within the 4|im 
interdigitated gap. The separation of 25\xm between the electrode and the ground 
plane introduces a longer transit path that gives a greater pulse width in the negative 
signal. 
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Learning from the measurement on the fraction of voltage across the 
interdigital gap as a function of the applied bias, there is a slight increase from about 
1/6 to 1/5 as the bias increases to 30V. The electric filed associated at the reverse 
biased Schottky barrier is vety large at a higher bias voltage. It introduces a large 
leakage current between the detector electrode and the ground plane. As the bias is 
•_.、......... ^ 
close to the avalanche breakdown voltage, the leakage current increase more rapidly. ,.. ,• 
As a result, the resistance across the reverse biased contact is reduced. Since the 
:•. . .、 . . : , •‘ . ‘ ‘ . • . ,. . . . • . . . . . . . .... ‘ . • .i ,..: 
fraction of applied bias across the detector electrode and the ground plane is 
decreased by the reduction of resistance, a larger fraction of bias voltage drops 
• . . ‘ ... . . . . . 、 . . . . . 二 . . ；. : . ‘ 
across the interdigital electrodes; 
I . • 
To evaluate the importance of polarity switching by optical control method, 
we also study the possibility of switching by simply changing the polarity of the 
p applied voltage at the bias electrode. Although the sign of maximum signals was 
inverted as the polarity of the bias voltage was changed, the pulse amplitude 
decreased. With a suitable optical re-alignment, the pulse amplitude can be restored 
to the original value. The result implies that there exist some symmetric factors. For 
a symmetrical MSM photodetector, the electric field distribution is not even within 
the semiconductor. In fact, the optimum illuminated position of a MSM 
• . • ' • _ • • . * • 
photodetector is a location where there exist a large electric field. Whenever the 
polarity of applied bias voltage is reversed, the laser beam was focused on the 
forward biased junction. A reduction of the pulse amplitude is hence observed. To 
overcome this problem, fine re-adjustment has to be done such that the laser beam 
is re-focused on the reverse biased side again. For an interdigital MSM 
photodetector, the size of laser beam, the active area of detector and the 
configuration of the metal fingers determines the difference of the signal amplitude 
； i n reversing the polarity of applied bias. It is very difficult to obtain a good quality 
. : . 7-17 
of polarity switching by purely electrical technique. The observation implies the 
importance of polarity switching by optical control means. 
7.5 Applications 
We have developed an effective method for polarity switching by optical 
control technique. The technique has a wide range of applications. By connecting 
the detector electrode to another dc source through a microwave bias tee，additional 
flexibility in controlling the pulse characteristics is provided. We can perform 
optical characteristics is provided. We can perform optical switching of polarity with 
: a wide range of a pulse widths and signal amplitudes when we apply different values 
of bias voltage on both the electrode and the detector electrode. 
Output pulse characteristics can also be controlled by applying two laser 
beams. When the interdigital gaps and the spacing between the detector electrode 
and ground plane were focused by two synchronized laser beams, holes and 
electrons are injected to the detector electrode as explained before. This leads to the 
generation of both positive and negative signal at the detector electrode. With a 
variable optical delay path, the overlapping of pulses can be adjusted to provide an 
additional freedom for controlling the output pulse characteristics. It can shorten the 
“ tailing edge of pulse by superposing the tail with the rising edge of an opposite 
pulse. It can be served as a good alternative for pulse shaping and for quenching the 
electrical signal. 
Furthermore, the technique can be applied for bit pattern generation. By 
means of electro-optic modulation, the two optical beam can be switched on and off 
such that the output sign of the electrical pulses will change accordingly. Hence, a 
high speed control of the output bits can be provided by the technique. In the 
traditional electrical approach, the polarity of a large bias voltage has to be reversed 
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frequently. Our technique, however, only require a relatively small ac voltage to 
serve as the control signal. 
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In this project, interdigitated metal-semiconductor-metal photodetectors on 
GaAs and InGaAs materials have been fabricated and studied. A simple technique 
has also been developed to control the polarity of electrical pulses generated from 
MSM photodetectors. The structure incorporates a coplanar waveguide transmission 
line to a MSM photodetector on a semi-insulated GaAs material. 
We have reported, to the first time to the best of our knowledge, a 1.3|im 





As M S M
 photodetector grown J by low-pressure ； MGCVD using 
• • . . . • 
Tertiarybutylarsine, Due to the advantages of safety and easy handling, ‘ ‘ ； 
Tertiarybutylarsine is used to replace the toxic gaseous Arsine (AH3). The 
photodetector for 1.3|im radiation has a responsivity of 0.23A/W, which 
corresponds to nearly 90% internal quantum efficiency. No serious internal gain is 
present. The FWHM is measured to be 225ps at 6V bias although the fully depleted 
condition has not yet been achieved. Acceptable dark current of 2.2}iA biased at IV 
is obtained, the dark current could be further reduced if mesa etching had been 
performed. The photodetector for 0.851am radiation has a longer pulse width and a 
higher external quantum efficiency due to the deep penetration of 0.85|im incident 
〜 source into the device structure. The InGaAs MSM PD has a high quantum 
efficiency, satisfactory speed, acceptable dark current level and low internal gain. 
The experimental results imply that Tertiarybutylarsine is a good alternative source 
for Arsine in view of its safety and quality. 
A semi-insulated GaAs Interdigitated MSM PD with simple structure and 
high performance has been fabricated. It has a deconvoluted FWHM of 64.7ps and 
corresponds to a 3dB bandwidth of 6.8GHz. Low dark current of 0.55nA at IV bias 
and low capacitance of 2xlO"
14
F were measured. With a d.c. responsivity greater 
2-1 
than unity, the presence of significant internal gain has been indicated. Due to the 
semi-insulating property, a wider depletion layer is obtained at a bias below IV. 
Thus, a better performance is obtained as compared to a MSM with an 
unintentionally doped active layer. 
In the studies of the influence of the interdigitated gap width on GaAs MSM 
photodetectors, interesting results are obtained in view of the speed and responsivity 
performance. For small interdigitated gaps, 3|am and 5jam, that with a narrow gap 
has a slower response speed. It may be explained by the presence of internal gain 
I • that introduces a negative effect on the speed of MSM PDs. Hence, a smaller 
interdigitated gap cannot ensure a high photodetector speed whenever internal gain 
exists. For a wide gap，S\xm and 16|im, with same metal finger width, those with a 
wider gap have a lower responsivity. The results imply that recombination becomes 
a dominated factor if the gaps are too wide. 
The research on the GaAs and -InGaAs MSM PD's give some guidelines for 
the design and fabrication of a MSM PD with high speed and high responsivity. The 
dark current level of InGaAs MSM PDs implies the importance of a Schottky barrier 
enhancement layer and mesa etching technique. However, it is not necessary for a 
“ GaAs MSM PD due to the high Schottky barrier height of GaAs (0.8eV). Compared 
with the InGaAs MSM PD, the speed of GaAs MSM PD is much faster due to its 
semi-insulating property. The observation indicates that a low doping concentration 
benefits a high speed MSM detectors. Due to the advanced technology of MOCVD 
on the growth of InGaAs MSM structure, the presence of internal gain is less 
significant for the InGaAs device. The internal gain has great influence on detector's 
speed and responsivity. To conclude, a low doping concentration, high Schottky 
barrier height, mesa etching technique, advanced growth technology, small gap 
5-2 
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width and a high ratio of spacing to the finger width are the necessary condition for 
a good performance interdigitated MSM photodetector. 
By incorporating a coplanar waveguide transmission line to a MSM 
photodetector on a semi-insulated GaAs, we demonstrated an optical technique to 
control the polarity of short electrical pulse generated from the structure. A change 
in sign of the electrical signal was observed by applying the optical beam to 
different regions of the structure. The signal had an amplitude of 8.5mV and FWHM 
around 15 Ops. The obsrevation can be explained based on the induced voltage on the 
, detector electrode. The technique provides a promising method for pulse shaping 
and for quenching the electrical signal. 
In conclusion, interdigitated MSM photodetector based on III-V 
semiconductor compound materials has the advantages of low dark current, low 
capacitance, high speed, high sensitivity and easy fabrication processing. These 
advantages make it attractive for the applications in OEIC's and optical 
communications. 
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